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Revisions

The following is a sunnnary list of the changes to the September 1, 1992 edifion of the Drainage
Design Manual, Volume 11, Hydraulics. This summary of the revisions is only presented as an aid for
users of the previous edition, it doesn’t docurnent every revision to the manual. Typically corrections
for spelling, typographical -errors; and revisions for teadability are not documented here. When
sections were rnoved, the renumbering of subsequent sections wasn’t usually identified here. Due to
the use of a new word processing program, there can be significant differences in the page numbering
hetween this edition and previous editions. The sections or page numbers used in this list refer to the
September 1, 1992 manual, unless otherwise stated.

L.

B

Comments: Added this page requesting comments on the manual.

Acknowledgments: Added this page that identifies and thanks those individuals who have
contributed to the manual in some official format.

Revisions: Added this section to summarize some of the significant changes to the September
1, 1992 edition.

Chapter 1. Changed the use of the phrase “regulation” to “recommended uniform policy
requirement.” Revised the descriptions of the chapters to reflect the revisions made to the
chapters. Revised the wording of the recommended vniform policy requirements to match with
what is in the chapters.

Chapter 2: In Table 2.1 changed the V;, from 2.5 to 3.0 fps for the 50 year peak frequency on
cross road cuivert collector and arterial streets. Revised the wording for the finish floor elevation
for buildings within a FEMA floodplain area. In the footnote changed the minimum discharge
for delineating a floodplain for submittal to FEMA from 1,000 cfs to 500 cfs. Also, added
Section 2.4 (Referenees).

Chapter 3: In Section 3.1 made minor corrections to some of the definitions. In Table 3.1 revised
the second fooinote. Renumbered the equations to account for identifying a new equation 3.2
(January 28, 1996). For equation 3.2 (January 28, 1996} added a sentence on what terms were
inserted into equation 3.1 in order to derive equation 3.2 (January 28, 1996). Revised the
wording in the recommended uniform policy box on page 3-6.

Chapter 4: This chapter was divided into twa chapters. The new Chapter 4 (January 28, 1996)
is titled Storm Drains, and the new Chapter 5 (January 28, 1996} is titled Culverts and Bridges.
In Section 4.1 deleted and added definitions as needed for the revisions to the new chapter.
Replaced the whole method for analyzing storm drains (Section 4.2). This required the addition
of several new sections and the complete revision to several old sections. Revised the wording
slightly in the recommended uniform policy requirement on page 4-5. Added a section on
minimum slope as Section 4.2.2.3 (January 28, 1996). Had to revise the numbering for some of
the sections because of the new Section 4.2.2.3, In Section 4.2.2.5 added a paragraph on
minimum pipe size. Changed the title of Section 4.2.2.6 and revised some of the wording
slightly. The methods to calculate the various losses are now all located in Section 4.3.3
(Jaroary 28, 1996).
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The new Chapter 5 (January 28, 1996} on Cuiverts and Bridges begins with Section 4.3 from
the September 1, 1992 edition. Because of being broken out into a new chapter all the
numbering for the sections changed. The wording in the recommended uniform policy
requirement boxes on pages 4-73, 4-74, 4-81, 4-82, 4-83, and 4-85 were changed. In Section
4.3.2.2 revised the minimum velocity to 3 ft/s. In Section 4.3.2.7 the italic subsections were
made into numbered sections. Sections 4.3.3.6 and 4.3.3.3 were relocated under Section 5.2.2
(January 28, 1996). This was done in order to locate all the various losses together in one
section.

& Chapter 5. The chapter had to be renumbered to 6 (Jannary 28, 1996). Section 5.2 was made
into the first section of the chapter, which is consistent with the other chapters. Revised the
recommended uniform policy requirement boxes on pages 5-12, 5-16, 5-30, 5-33, and 5-41. In
Figure 5.1 changed the side slope of the riprap channel to 3:1. In Section 5.5.1.2 deleted the
paragraph on the slope paving method and Figure 5.7. In Section 5.5.2.2 thickness of the lining
is now determined using an ADQOT reference. Table 5.4 was revised. On page 5-38 revised the
thickuess required for the riprap layer. In Section 5.5.3.3 revised the method for sizing riprap.
Deleted Table 5.7. Revised Figure 5.10 to agree with the text. Changed the title of Table 5.10.
In Section 5.6.3.1 changed the Q,,, in the example problem to 565 cfs.

9. Chapter 6: The chapter was renumbered to 7 (January 28, 1996). Section 6.2 was made into the
first section of the chapter, which 15 consistent with the other chapters. Revised the definitions
of some of the symbols. Made the fourth paragraph on page 6-14 into a recommended uniform
policy requirement. Moved the hydraulic jump analysis {Section 6.8.1) to just after Section
6.3.2.3 (September 1, 1992).

10. Chapter 7: Made this part of the new Chapter 5 (January 28, 1996) on Culverts and Bridges.
Deleted Sections 7.3.1.1 to 7.3.1.4 because there wasn’t enough information presented here to
do a complete analysis of a bridge, and most designers will use a computer program for the
analysis. From these sections only the recommended uniform policy requirement on page 7-7
needed to be kept. Revised the wording of the recommended uniform policy requirements on
page 7-11. The minimum freeboard for a bridge was revised to two feet for the 100-year event.
Section 7.3.2.1 was revised.

11 Chapter 8 Created a new. Section 8.1, which defines the symbols used in this chapter and
modified the numbering of the other sections because of it. In Section 8.2.1.2 added an equation
tor determining the volume of retention required. Also, added a new recommended umform
policy requirement dealing with off-site fiows. Revised the wording for the recommended
uniform policy requirements on pages 8-4, 8-6, 8-7, and 8-18. Added a new section dealing with
sedimentation right before Section 8.2.1.3. In Section 8.2.1.8 added a recommended uniform
policy requirement about dry wells. The recommended uniform policy requirements on pages
8-18, 8-24, 8-25, and 8-30 were dropped although the text remains.

12. Chapter 9: Revisions to this chapter were only to correct typographical errors.
13, Glossary: Revisions to this chapter were only to correct typographical errors

14. Index: A subjectindex was added to make it easier to find information in the manual.

iv January 28, 1996
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1

Introduction

1.1 Purpose

The objective of the Drainage Design Manual for Maricopa County, Volume II,
Hydraulics, s to provide criteria and design guidance for storm drainage facilities in
Maricopa County. There are two reasons to develop such a manual: 1) it provides a
convenient source of technical information that is specifically tailored to the unique
hydrologic, environmental, and social character of Maricopa County; and 2) it provides
a consistent set of criteria that, when used by the local governing agencies and the land
development community, will result in uniform drainage practices throughout the
county. Use of Volume IT of the Drainage Design Manual for Maricopa County will
result in improved hydraulic performance of drainage facilities, uniformity in design
practices across jurisdictional boundaries, and reduction of conflict between the
regulatory agencies and the land development community. Recommended uniform
policy requirements have been highlighted by using a ruled box, for example:

This is how recommended uniform policy requirements will be highlighted in this
manual,

1.2 Background

This manual was produced by a team of consultants under contract to the Flood Control
District of Maricopa County. Beginning in 1987, the manual was developed through a
highly interactive process involving work groups for each major topic. The work groups
were composed of the engineering consultant, the Flood Control District, representatives
of the various communities in Maricopa County, and representatives of home builders
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and land developers. The work groups were charged with advising the consultant about
applicability of technical criteria, special problem areas to be addressed, and resolving
conflict over potential differences in drainage standards between communities.

Scop_i

1.3.1

1.3.2

1.3.3

The Drainage Design Manual for Maricopa County, Volume II, Hydraulics, 1s divided
into nine chapters that address the major subject areas of hydraulic design. The intent
of this manual is to provide general design guidance for designs that are common to the
Maricopa County environment. Complex designs requiring specific expertise are not
included in this manual; however, where design exceeds the scope of this manual, the
user is referred to documentation appropriate for that design. The following sections
briefly summarize each of the chapters in the manual. '

Introduction

Chpater 1 defines the purpose, background, and scope of the manuat along with a brief
summary of each chapter. For the user’s convenience and guick reference, all of the
recommended uniform policy requirements are listed in Chapter 1 aloag with the page
number where they are located in the manual.

Hyvdrology

Chapter 2 provides an overview of the hydrology criteria for drainage structures; the
flood hydrology that is recommended for use in Maricopa County is contained in
Volume 1 of the Drainage Design Manual for Maricopa County. That procedure
provides for the use of the Rational Method for small, uniform watersheds, and for use
of the U.S. Army Corps of Engineers’' HEC-1 Flood Hydrology Program for larger
watersheds with diverse surface conditions. The procedure provides design rainfall
criteria that have been developed specifically for Maricopa County, rainfall loss
methods that are based on the best practical technology that is available for estimating
surface retention losses and infiltration rates, and unit hydrograph procedures that have
been selected and developed for the various land-uses in Maricopa County.

Street Drainage

Chapter 3 provides design guidelines for the drainage of streets using curbs and storm
drain inlets. An overall approach to stormwater management includes using the street

1-2
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1.3.5

i.3.6

~ Introduction

system to transport runoftf to storm drain inlets, and for transporting runoff from storins
that exceed the capacity of the storm drain system. Design criteria, design procedures,
and design aids are provided for streets and gutters, intersections, and roadside ditches.
Catch basins are discussed in regard to alternatives and suggested applications,
capacities, and design procedures. The procedures used in this chapter were primarily
adapted from the Federal Highway Administration Hydraulic Engineering Circular
No.12 (HEC-12), Drainage of Highway Pavements (FHWA, 1984),

Storm Drains

Chapter 4 provides coverage of storm sewers. A comprehensive treatment of storm
sewers is provided including use of design aids for catch basins, manholes, and various
types of storm sewer junctions. ‘

Culverts and Bridges

Chapter 5 provides coverage of the design information required for the design of

. culverts. This includes the necessary design aids, guidance for treatment of culvert inlets

and outlets, and scour protection at the culvert outlet. Use of example problems helps
to illustrate the procedures to be used for most practical applications. The charts and
procedures for culvert design used in this chapter were taken from the Federal Highway
Administration Hydraulic Design Series No. 5 (IIDS-5), Hvdraulic Design of Highway
Culverts (FHWA, 1985). Some brief guidlines are presented to follow when using
inverted siphons. The design of bridges requires special training and experience in
regard to hydraulic analyses, design of flow training works, and estimates of pier and
abutment scour. Therefore, only an overview of the hydraulic analyses for bridge
openings is presented. There is also a general discussion on scour.

Open Channel

Chapter 6 is devoted to the analysis and treatment of both natural and artificial channels.
The scope of this chapter covers the more commonly encountered open channel design
applications by designers who do not possess special design skills in open channel
hydraulics. Applications involving rivers and large washes or channels, which are
considered as non-rigid, require special design skills, and the design of these channels
should not be attempted with the design techniques contained in this chapter. The
simplified design procedure presented provides an appropriate level of analysis for most
design problems that will be encountered for artificial channels. The simplified design
procedure assumes a rigid channel, and is valid for both subcritical and supercritical
flows. Channel linings of concrete, soil cement, riprap, wire enclosed rock (gabion), and
grass are discussed in the manual. The analysis of natural channels is discussed in
broader terms than is the treatment of artificial channels. Although the basic theory is
the same for both channel types, more complex flow conditions (nonuniform and
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unsteady flow) and concepts of sediment transport often need to be incorporated in the
analysis of natural channels.

Hydraulic Structures

The hydraulic structures that are described in Chapter 7 are used to control or alter the
flow characteristics, such as velocity, depth, energy, and other hydraulic characteristics,
and-to affect a change in the configuration of an open-channel, such aschannel slope. -
The purpose of such structures is to achieve a safer, more stable, and improved
maintainability of conveyance systems. Channel drop structures are a major topic of this
chapter and guidance is provided for the design of baffle chute drops, vertical hard basin
drops, vertical riprap basin drops, sloping concrete drops, and low flow check structures.
Information is provided for the dissipation of energy at conduit outlet structures with
emphasis on riprap protection for outlets with moderate flow conditions and concrete
structures for more severe conditions. Guidance is provided for the design of channel
transitions, supercritical flow chutes, and bends in supercritical flow. The manual
provides instruction in the theory and use of the hydraulic jump as a means of energy
dissipation. The design of various, appropriate hydraulic jump energy dissipators is
included.

1.3.8 Detention and Retention

1.3.9

Chapter 8 presents the engineering methodologies and details associated with the
planning, analysis, and design of detention and retention facilities. Detention and
retention basins are man-made storage facilities that are intended to mitigate the effects
of urbanization on storm drainage. They serve to reduce peak discharges and can also
reduce the volume of storm runoff downstream of the basin under certain conditions.
Since detention and retention basins often require a considerable cominitment of land
resources by the community or land developer, particular emphasis is placed on
planning basins that are amenities, and, where possible, incorporate multiple-use
concepts. National storm water quality standards are being promulgated and criteria for
use of detention and retention basins that will not jeopardize the quality of surface water
and ground water resources are presented. Safety concerns of such facilities are detailed
along with the means to enhance safety. The theory and procedure for performing
routing of an inflow flood through such facilities is provided along with a detailed
example of the calculations.

Pump Stations

The criteria for use of pump stations in Maricopa County are provided in Chapter 9,
however, the intent is to provide only an overview of the conditions that should be
considered in the design of stormwater pumping facilities. Stormwater pump stations
are used where gravity discharge is infeasible, such as depressed highway intersections,
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or for the controlled release of ostflow, such as {rem a detention or retention facility.
Reference to another readily available document for the rigorous design of stormwater
pump stations s also provided.

1.4 Recommended Uniform Policy Requirements

The following table provides a brief overview of the recommended uniform policy
requirements contained in this manual, along with the page numbers for your reference.

Recommended Uniform Policy Requirements Page

A widely-accepted software program may be used in lieu of the design N/A
procedures in this manual. However, prior approval from the
governing agency is required.

All hydraulic structures are to be constructed according to the N/A
Uniform Standard Specifications for Public Works (Maricopa
Association of Governments, latest revision).

The determination of flood hydrology for designing stormwater 2-1
facilities in Maricopa County is to be performed according to the
procedures set forth in the Drainage Design Manual for Maricopa

County, Volume I, Hydrology (hereinafter referred to as the Hydrology

Manual). Deviations from the procedures in the Hydrology Manual

require prior approval from the jurisdictional agency and/or the Flood

Control District of Maricopa County before proceeding with the
determination of design hydrology.

According to the Uniform Drainage Policies and Standards for 2-2
Maricopa County, Arizona (25 February 1987), all development shall

make provisions to retain the peak flow and volume of runoff from

rainfall events up to and including the 100-year, 2-hour duration storm

falling within the boundaries of the proposed development. The

criteria to be applied to the 2-hour storm is provided in the Hydrology

Manual. Table 2.1 outlines the minimum hydrology design criteria for

drainage features.

Table 2.1: Hydrology Design Crileria 2-3

January 28, 1996 1-5
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Recommended Uniform Policy Requirements

Page

All drainageway entrance and exit points in the proposed development
musl remain in the original location and—as near as possible—in the
original condition.

2-4

Table 3.1: Design Storm Frequencies for Street Drainage

3-3

An n value of 0.015 or 0.016 shall be used for street flow unless
special condittons exist.

3-6

The allowable carrying capacity for gutters approaching an
intersection shall be calculated by applying the reduction factor found
in Figure 3.4 to the theoretical capacity. The grade used to determine
the reduction factor shall be the same effective grade used to calculate
the theoretical capacity.

The reduction factors contained in Table 3.2 shall be applied to the
theoretical catch basin capacity from the curves to obtain the
interception capacity used for design.

3-26

All materials used for a storm drain system must be approved by the
governing municipality prior to use.

4-4

Storm drain systems shall be designed so that the hydraulic grade line
is at least 6 inches below the inlet elevation.

44

Culverts for collector and arterial streets are to be designed to convey
at least the 50-year peak discharge with no flow crossing over the
roadway.

5-3

Culverts for collector and arterial streets are to be designed to convey,
at least, the 50-year peak discharge with no flow crossing over the
roadway. Additionally, the flow depth over the roadway shall be
limited to 0.5 feet for the 100-year peak discharge.

54

Possible aggradation or degradation at culvert crossings must be
examined in the design of culverts.

1-6
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Recommended Uniform Policy Requirements Page

When any of the following conditions are met, trash racks will be 5-14
required on the entrances to all conduits in areas of Class A or B
hazard as determined from Table 5.2

»  When a conduit outfalls into a channel with side slopes steeper
than 4(H):1(V) for concrete, grass and earth linings, and
3(H):1(V) for riprap linings.

»  Conduits smaller than 7 feet in diameter, longer than 100 feet
in length, or without 12-inches of freeboard at the design flow
rate.

»  Conduits with energy dissipators at the end.

» Conduits being used as outlets from mulitiple-use detention
factlities.

»  Conduits with sufficient bend that the opposite end cannot be
clearly seen.

A plugging factor of 50 percent will be used on all trash racks. 5-14

Conditions that will cause trash racks to be used on both inlets and 5-14
outlets include:

1. Storm sewers, and

2. Inlets of pipes smaller than 7 feet in diameter that flow into
recreation areas that are not designed for pedestrian use.

When there is a potential for inlet uplift failure or inlet damage from 5-17
other sources, concrete headwalls are required on culvert installations
unless it can be shown that these dangers do not exist.

Projecting culvert outlets are not permitted unless approved by the 5-18
appropriate governing agency.

A new or replacement bridge will not be permitted to create a rise in 5-80
the existing water surface elevation, to cause an increase in lateral

extent of the floodplain, or to otherwise worsen existing flood
conditions.

January 28, 1996 1-7
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Recommended Uniform Policy Requirements

Page

If there is a good possibility of debris collecting on the piers, it may 5-81
be advisable to use a value greater than the pier width to account for
debris blockage. However, modeling of debris blockage should be

reviewed with the jurisdictional agency.

Bridges should be designed to have a minimum freeboard of two feet 5-81 .
for the 100-year event, The structural design of the bridge should take
into account the possibility of debris and/or flows impacting the

bridge.

For the special condition of supercritical flow within a lined channel., 5-81
the bridge structure should not affect the flow at all. That is, there
should be no projections, piers, etc. in the channel area. The bridge
opening should be clear and permit the flow to pass unimpeded and

unchanged in cross section.

If the proposed project will impact Waters of the U.S., the designer 6-2
shall take into account requirements of the Clean Water Act (CWA),

Section 404.

Design velocities for all linings should not fall below 2 fps to 6-10

minimize sediment depositional problems.

Table 6.2: Roadside Channels with Uniform Stand of Various Grass 6-12

Cover and Well Maintained

Except as subsequently provided, fencing will be required for all new 6-13
concrete, shotcrete, and soil cement lined channels with side-slopes
steeper than 4:1 that meet a Class A hazard as defined in Table 5.2
(page 5-13). Subcritical channels lined with concrete, shotcrete, and
soil cement lined channels having depths and bottom widths less than
3 feet and 3 feet, respectively, will not require fencing. Fencing may
be required by individual entities regardless of the conditions listed in

this manual.

Due to erosion and scour of erodible channels and safety concerns 6-17
with excessively high velocities, the recommended upper limit of F,

18 2.0.

The Froude Number limit for all types of channel linings is F, < 0.86. 6-17
For concrete, shotcrete, and mortar lined channels, the additional

range of 1.13 < F, < 2.0 is allowed. So that flow will be stable F,

should not fall between 0.86 and 1.13.

1-8
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Recommended Uniform Policy Requirements Page
Unless special exception is made by the governing agency, all 6-18
artificial channels must begin and end where, historically, runoff has
flowed.
For channels with Froude Numbers less than 0.86, the ratio of the 6-20

channel radius, r,, (at the centerline) to the design width of the water
surface shall be greater than 3.0.

Required freeboard is computed according to the following formula: 6-21

V2
FB =0.25(Y+—) (6.10)
2g

The minimum freeboard value for rigid channels shall be | foot for
subcritical and 2 feet for supercritical flows. Using a smaller
freeboard in specific cases requires prior approval of the governing
agency.

According to ARS 48-3609.A, during the course of the Master 6-26
Planning process, the 100-year runoff will be used (o delineate a
floodplain for major channels with discharges of more than 500 cfs

and will be processed through the local government, ADWR, and

FEMA.

Encroachments into the floodplain of a natural water course are to be 6-26
analyzed according ro the FEMA requirements.

At no time should an encroachment adversely affect the stability of 6-26
a water course or adversely alter flooding conditions on adjacent
properiies. When encroachment is proposed within the floodplain of

a major watercourse, the regulating entity may, at its discretion,

request that a detailed study be performed to determine if a reduction

i overbank flood storage will significantly affect downstream flood

peaks.

All concrete lined channels must have continuous reinforcement 6-35
extending both longitudinally and laterally. For channels carrying
supercritical flow, there shall be no reduction in cross sectional area

at bridges or culverts, or any obstructions in the flow path,

The minimum thickness of riprap linings shall be the greater of 1.0 6-45
times D, or 1.5 times D,

January 28, 1996 1-9



Drainage Design Manual for Maricopa County, Volume I, Hvdraulics

Recommended Uniform Policy Requirements

Page

Due to a high failure rate and excessive maintenance costs. drop
structures having loose riprap on a sloping face are not permitted.

7-8

Analysis should be conducted for a range of flows, since flow
characteristics at the drop can vary with discharge. For example, the

- 10-year flow may cascade down the face of a sloping drop and form

a jump downstream of the toe, whereas the 100-year tlow may totally
submerge the drop.

The maximum vertical drop height from crest to basin for a vertical
hard basin drop is limited to 3 feet for safety considerations.

7-38

Maximuin drop depth for a vertical riprap basin 1s lirnited to 3 feet
due to safety considerations and the practicality of obtaining large
basin riprap for higher drops.

7-42

Designs for hydraulic structures must address the issue of safety.
First, signage must be provided to identify the potential hazard of
flooding or dangerous flow measures to the public. Second,
appropriate measures must be designed to keep the public away from
hazardous locations. For example, vertical drop structures should not
exceed 3 feet in height, and adequate fencing or railings must be
provided along all other walls, such as wing walls or training walls.

7-70

Open channels are recommended in lieu of pipes for conveyance of
low flows through the drop structure area. Pipes may plug or
frequently overtop, leading to additional maintenance problems.
Pipes should be no smaller than 24 inches in diameter.

7-71

1-10
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Recommended Uniform Policy Requirements Page

The requirement ior a development to provide storage of excess runoff g-3
oy detention or retention facilities shall not be waived unless
determined otherwise by the jurisdictional agency on a case by case

asis,

In general, storage facilities are to be located so they can intercept the
flow from the entire development area. If portions of the area cannot
drain to a single storage facility, then additional facilities may be
added ic provide control of those areas as approved by the appropriate
jurisdictional agency. The objective is to provide storage of excess
runoff with a minimum number of detention/retention facilities
located at optimum points within a development area. Whenever
possible, the facilities shall be designed for multiple uses, such as
parks or other recreational facilities, to offset the cost of open space
and ro encourage improved maintenance.

Residential developments shall have no single lot storage and the
design of common facilities shall not assume any individual lot on-
site storage, unless approved by the jurisdictional agency.
Developments with Homeowner's Associaticns shall locate their
facilities in private drainage tracts or public sites dedicated by the
developer, in accordance with requirements determined by the
wrisdictional agency. The Homeowner's Association will maintain the
private facilities, and the jurisdictional agency will vsually maintain
the public tracts. Common storage facilities from single family
developments without a Homeowner's Association and with public
streets shall have maintenance provisions determined by the
jurisdictional agency. The number and location of storage facilities
within a development is to be approved by the jurisdictional agency.
Dedication to the public may require the inclusion of recreational
facilities or other features deemed necessary by the jurisdictional
agency.

Single lot, non-residential developments that are not served by a
public storage facility shall provide the required storage on the lot
itself without depressing the right-of-way arca.

January 28, 19946 1-11
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Recommended Uniform Policy Requirements

Page

All  detention/retention  facilities incorporated within

new 8-5

developments shall be designed to retain the peak flow and volume of
runoff from the 100-year, 2-hour duration storm event. In the special
case of when a detention only facility is allowed, the requirement to
retain the 100-year 2-hour runoff volume may be waived. However,
the peak discharge requirement must still be met, and the effects of
using a detention only facility on more frequent events must be

determined.

Off-site flows may not be routed through a retention facility unless 8-5

specifically approved by the appropriate jurisdictional agency.

Side Slopes: Where grass is intended to be established, side slopes 8-9
shall not be steeper than 4 horizontal to 1 vertical. Where other
protection measures are intended, such as shrub planting, rock riprap
or other structural measures, slopes shall not exceed 3 horizontal to 1
vertical unless approved by the appropriate jurisdictional agency.
Where slopes abut the street right-of-way. the minimum slope shall be
4 horizontal to 1 vertical regardless of surface treatment. Some
jurisdictions may require a flatter slope. The designer should verify

the slope requirement prior to commencing design.

Depth and Bottom Configuration: Maximum ponding depth and 8-9
freeboard requirements vary within Maricopa County and specific
criteria for such must be verified by the designer with the appropriate
jurisdictional agency. With respect to grading, deep facilities should
be avoided, if possible. For facilities with a depth in excess of three
feet deep, consideration should be given to the use of flatter side
slopes or the provision of intermediate benches along side slopes. The
bottom shall be designed to drain to a low flow channel for a

detention facility.

The design of all detention/retention facilities shall be such that the 8-9
stored runoff shall be discharged completely from the facility within

36 hours after the runoff event has ended.

The minimum allowable pipe size for primary outlet structures is 12- 8-12

inches in diameter.

Trash Racks: Trash racks shall be provided for pipe and orifice 8-12

outlets,

1-12
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Recornmended Uniform Policy Requirements Page

All dry wells must be registered with the Arizona Department of 8-15
Environmental Quality.

The pond edge shall be designed to minimize safety hazards. Water 8-19
depth should be limited to 1.5 to 2 feet within 8 feet of the slioreline.

The use of rooftops as storage areas for runoff is not permitted in 8-20
Maricopa County.
Since the following methods often result in facilities near buildings, 8-20

it should be emphasized that finished floor clevations of structures
shall be a minimum of one foot above the 100-year water surface of
the detention/retention facility. The finish floor elevation needs also
to be above the emergency outfall of the basin.

Refer to local jurisdictional standards on the percentage of the parking 8-21
lot to be used as retention area and the allowable ponded depth. The

maximum depth of ponded water within any parking lot location shall

be one foot (1 {t). Deeper ponding should be confined to remote areas

of parking lots, whenever possible.

The minimum longitudinal slope permitted within parking lot storage 8-21
facilities is 0.005 ft/ft, unless concrete valley gutters are provided.

With concrete valley gutters, a minimum longitudinal slope of 0.002

ft/ft may be permitted.

Signs should be provided at all designated entryways of 5-27
detention/retention facilities. They should also be provided at intervals
(approximately 100 feet) around the perimeter of the facility to inform

visitors who might gain access at other than designated entrances.

In addition to entry and perimeter signs, signs should be installed
within the facility. These signs should restate the potential flood
hazard and should provide directions for appropriate routes out of the
basin area should flooding occur.

Extensive use of herbicides in basins where the primary or secondary g-32
purpose is groundwater recharge is not acceptable.
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Recommended Uniform Policy Requirements Page

Numerous computer software programs (such as HEC-1) have been 8-40
developed for flood routing through detention/retention facilities. Use

of a particular computer program should be approved by the
appropriate jurisdictional agency prior to its applicafion on a particular

project.
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2.1 Methodology

The determination of flood hydrology for designing stormwater facilities in
Maricopa County is to be performed according to the procedures set forth in the
Drainage Design Manual for Maricopa County, Volume I, Hydrology (hereinafter
referred to as the Hydrology Manual). Deviations from the procedures in the
Hydrology Manual require prior approval from the jurisdictional agency and/or the
Flood Control District of Maricopa County before proceeding with the
determination of design hydrology.

However, it is not the intent of the Hydrology Manual to inhibit sound, innovative
analysis, or the utilization of superior technology, or the development of improved
techniques. Therefore, the investigation, development, and use of the best practical
technology for flood hydrology is strongly encouraged in all situations.

The selection of the procedure to use to determine the design flood hydrology is
dependent upon the intended application. For small urban watersheds (defined as less
than 160 acres and having fairly uniform land use), the use of the Rational Method is
acceptable. Use of this method will only produce peak discharges and it should not be
used if runoff volume or a complete runoff hydrograph is needed, such as for the routing
of flow through a detention/retention facility. For larger, more complex watersheds or
drainage networks, a rainfall-runoff model should be developed. The Hydrology Manual
provides guidance in the development of such a model and the estimation of the necess
ary input parameters to the model.

Although not necessarily required, the use of the U.S. Army Corps of Engineers' HEC-1
Flood Hydrology Program facilitates the use of the procedures that are contained in the

Hydrology Manual, which was written to supplement the HEC-{ User's Manual.

All of the hydrology that is required for the design of stormwater drainage facilities that
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2.2

are normally encountered can be performed by using the HEC-1 program; this includes
the routing of flood hydrographs through detention/retention structures. The design and
performance of pump stations cannot normally be satisfactorily performed using the
simplified procedures that are incorporated in the HEC-1 program. Although the inflow
hydrograph to a pump station can be adequately developed with HEC-1, the
performance and design of pump stations will often require the use of specialized
programs.

Criteria

2.3

The Hydrology Manual is to be used to develop the design discharge for storms of
frequencies up to and including the 100-year event. Table 2.1 of the Hydrology Manual
lists the different durations to be analyzed depending upon the size of the drainage area.
Generally the design storm is of 6-hours duration and is to be used for the design of
stormwater drainage facilities except for detention/retention facilities.

According to the Uniform Drainage Policies and Standards for Maricopa County,
Arizona (25 February 1987), all development shall make provisions to retain the
peak flow and volume of runoff from rainfall events up to and including the
100-year, 2-hour duration storm falling within the boundaries of the proposed
development. The criteria to be applied to the 2-hour storm is provided in the
Hydrology Manual. Table 2.1 of this manual outlines the minimum hydrology
design criteria for drainage features.

Master Drainage Planning

According to the Uniform Drainage Policies and Standards for Maricopa County,
Arizona, master drainage planning shall be done in the earliest stages of the planning
process. A master drainage plan incorporates the hydrological analysis for on-site and
off-site runoff and outlines the recommended plan for handling storm water runoff.

Master drainage planning can be encountered on both basin-wide and local scales. When
undertaking a basin-wide plan, the designer must comprehensively evaluate practical
alternatives to find the most cost-effective solution for the general public. Modifications
can result from land-use driven decisions that are more costly; however, these additional
costs are considered "developer costs” by most agencies. When preparing master
drainage plans for local development, the designer shall illustrate conformance with
basin-wide master drainage plans where they exist, or shall demonstrate that the plan
will not increase extraordinarily the cost of providing basin-wide drainage for the local
agency or the District,

2-2
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Table 2.1
Hydrology Design Criteria

Hyd

rology

Peak Frequencies

Drainage Feature 10 Year 50 Year 100 Year
Street with Runoff contained within street Runoff te be contained below
Curb and Gutter curbs. the finished fioor-of butlding.
{langitudinal flow)

For coliector and arterial streets N/A Q=100 cfs

one 12-foot dry diiving lane Vo = 10 s

must be maintained in each d,. =B inches

direction.
Street without Ruuoff contaived within the Same as Street with Curb and
Curb mmd Guier roadside channels with the water Gutter,
(lengitudinal flow) surface elevation below ihe N/A

subgrade.
Street with Pipes or roadside channels are Storm draijus are needed if’ 100-
Storm Drain System added if the 10-year runoff N/A year nunoff inundates the
{longitudinal flow) exceeds street capacity. i building's finished tloor.

Cross Road Culvert
tor Colleetor and
Arerial Streets

Runoff to be conveyed by
culver nnder road with no flow
oventopping the road.

Runotf to be conveyed by
culvert aud by flow over the
road with 2 maximum depth

N/A over the road of 6 iuches.
Vo = 15 1ps
Vo = 3.0 1ps
FEMA Floodplain 100-year peak storm
Channel " N/A N/A '
Clhannel to Convey 100-year peak storm
Offsire Flow Through N/A NIA
Developroent
Lowest floor elevation Lewest floor elevation to be a
for buildings within a minimum of [ foot above the
“MA F i i
FEMA Floodplain Area N/A N/A ﬂoodplmn water surface
elevation.
Lowest floor notiua The lowest floor will be free
FEMA D‘es1gnated N/A NIA from inundation for the 100-
Floodplain year peak stonn eveul.
Retention Basin 100-year 2-haur storm for
N/A N/A determining on-sire refention

volue,

h Per ARS 48-3609.A, ADWR has established that during the course of the Master Planning process, the 100-vear runotf will be used
to delineate a floodplain for major channels with discharges more than 500 cfs and should be processed through the local government,
ADWR, and FEMA.

January 28, 1996
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2.4

The master planning process begins with the conceptual layout of the drainage system,
which includes both large and small drainage facilities.

All drainageway entrance and exit points in the proposed development must remain
in the original location and—as near as possible—in the original condition.

In many -areas about to be urbanized, the runoff has been so minimal that natural
channels do not exist. However, surface depressions normally exist and will provide an
excellent basis for the initial siting of open channels. This condition is also true for open
channels that are to be used primarily for road or highway drainage.

Master plans illustrate selected alternatives, including the footprint of facilities or land
uses, approximate sizes, and physical impact on the land. General requirements for
structures and their overall size and impacts are also determined during the master
planning phase; however, detailed selection of structure types, sizing of riprap, structural
design, and selection and detailing of peripheral clements (inlets, trash racks, fencing,
etc.) are completed in later phases using the criteria outlined in this manuai.

References

Flood Control District of Maricopa County, February, 1987, Uniform Drainage Policies
and Standards for Maricopa County, Arizona.

, January, 1995, Drainage Design Manual for Maricopa County, Arizona, Volume
I, Hydrology. ‘

U.S. Army Corps of Engineers, January, 1990, HEC-1 Flood Hydrograph Package,
User's Manual.
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3.1 Definition of Symbols

The following symbols will be used in equations throughout Chapter 3.

D > =
|

=z

b 0N
|

[o N

Q

us]
I

o

w

Inl N

2]
B
-

w

OCOOLLOL ™=

=

Gutter depression, inches

Clear opening area, ft*

Clear area of the grate, ft°

Orifice coefficient

Weir coefficient

Depth at curb measured from the normal cross slope, ft (i.e., d =TS,)
Depth at lip of curb opening, ft

Effective depth at the center of the curb opening orifice, ft

Hydraulic efficiency of an inlet shorter than the length required for total
interception (Q,/Q)

Ratio of flow in the depressed section to total gutter flow

Gutter capacity reduction factor (see Figure 3.4)

Gravity, 32.2 ft/s*

Height of curb opening catch basin, curb opening orifice, or orifice
throat width, ft

Length of curb opening, grate, or slot, ft

Curb opening length required to intercept 100% of the gutter flow, ft
Manning's roughness coefficient

Perimeter of the grate, disregarding bars and side against the curb, ft
Total gutter flow, cfs

Allowable flow rate per gutter, cfs

Amount of street flow caught by an inlet, cfs

Flow in paved area, cfs

Theoretical gutter carrying capacity, cfs

Flow in width W, ft'/s

January 28, 1996
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Ratio of frontal flow intercepted to frontal flow
= Ratio of side flow intercepted to total side flow
Longitudinal street slope, ft/ft
Equivalent cross slope, ft/ft
Cross slope of a depressed gutter, ft/ft
= Cross slope of a depressed gutter section measured from the normal
cross slope of the pavement, (a/W), ft/ft
=. . ./Pavementcross.slope, ft/ft
Allowable spread, ft
Velocity of flow in the gutter, ft/s
Gutter velocity where splash-over first occurs (see Figure 3.27), ft/s
Width of depression, depressed gutter or grate, or slot, ft
Depth of flow, ft
= Reciprocal of the pavement cross-slope, 1/S, ft/ft

o
i

o

U nn N

N €0<<.—]>p:
|

3.2 Streets

Urban streets with curbs and gutters serve as an important and necessary drainage
service, even though their primary function is for the movement of traffic. Traffic and
drainage uses are compatible up to a point, beyond which drainage is, and must be,
subservient to traffic needs.

Gutter flow in streets is necessary to transport runoff water to catch basins and to major
drainage channels. Good planning of streets can substantially help in reducing the size
of, and sometimes eliminate the need for, a storm drain system in newly urbanized areas.
An overall approach to storm runoff management includes using the street system to
transport runoff to catch basins and to transport runoff from storms that are greater than

the storm drain capacity.

Freeways and similar types of roadways are not addressed in this manual.

3.2.1 Design Criteria for Streets and Gutters

3.2.1.1 Design Frequency: Storm drainage within a street system serves two primary
objectives:

I. Remove nuisance flows from pavement during frequent return period storms to
maintain safe and efficient movement of traffic.

2. Protect adjacent properties from damage caused by large, infrequent storms.
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Street Drainage

Table 3.1
Design Storm Frequencies for Street Drainage &

Longitudinal Street Flow Event ®

No curb overtopping. Maintain one dry 12-foot driving lane in each 10 year
direction for collector and arterial streets,

Flow to be calcu)ated assuming contained between buildings with: 100 vear
100 cfs maximum flow.
10 fps maximum velocity.

| Maximum depth of 8 inches.

(1)  No new inverted crown streets.
(2)  Some cities might use a different design event.

The function of removing nuisance flows from pavement is based on providing storm
drain catch basins at points where maximum depth or driving lane inundation criteria
are reached,

Storm drain system design is based on the design storm. The design siorm is the storm
associated with the governing return period for longitudinal street flow from Table 3.1.
In the upper reaches of a system the 10-year criteria will govern. Farther downstream
in the system, the storm drain system design for the 10-year storm may not meet the
criteria stated for the 100-year storm. Storm drains will then need to be upsized to meet
the 100-year criteria. Both return periods need to be checked to determine which
condition governs. The storm condition governing design at any point is the design
storm.

3.2.1.2 Pavement Encroachment: The following sections present specific design
requirements for storm drainage on urban type streets for the design storm. Typical
street sections used in Maricopa County are presented in Figure 3.1. Determination of
street carrying capacity for the design storm shall be based upon two considerations:

1. Pavement encroachment and depth for computed theoretical flow conditions.

2. An empirical reduction of the theoretical allowable rate of flow to account for
practical field conditions.

The storm drain system should comumence at or prior to the point where the maximum
encroachment and/or depth is reached, and should be designed on the basis of the design
storm. The final design must meet both the 10-year and 100-year criteria set forth in
Table 3.1.

The preceding criteria is established for new construction. Changes to an existing
system, or a retrofit situation may not be able to meet the 10-year criteria, however, any
changes to a system should meet the 100-year storm criteria.
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Typical Street Cross Section
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3.2.1.3 Theoretical Capacity: When the allowable pavement encroachment has been
determined, the theoretical gutter carrying capacity shall be computed using the
modified Manning's formula for flow in a shallow triangular channel, as shown in
Figure 3.2 or as expressed in Equation 3.1:

0, - (20)5 )T 0sp 2 G.)

Using d = TS, and z = 1/S, Equation 3.1 can be expressed as:

Q, = 0.56(§)Slfzd8’3 (3.2)

Typical gutter configurations from Maricopa Association of Governments (MAGY) are
shown in Figure 3.3. Figure 3.2 may be used for all gutter configurations. To simplify
computations, graphs for particular street shapes may be plotted.

An n value of 0.015 or 0.016 shall be used for paved streets unless special conditions
exist.

3.2.1.4 Reduction Factors: The gutter capacity from Figure 3.2 is based on the
theoretical capacity of a clean, unobstructed, continuous gutter section. In reality, parked
car tires in the gutter and debris cause obstructions to flow. Driveways, alleys, and curb
cuts cause discontinuities in the flow. When water flowing in a gutter encounters an
obstruction or discontinuity, it is deflected out of the guiter into the street section or onto
the sidewalk. 1f the velocity 1s high enough, the flow diverted out of the gutter will flow
across the street crown to the gutter on the opposite side. If an inlet is located just
downstream of the obstruction the water will flow past the inlet without being
intercepted. Gutter capacity reduction factors are established to limit velocities and
reduce the lane encroachment caused by water deflected into the street and to allow
adequate capacity for unanticipated inlet bypass flows caused by obstructions,

The actual flow rate allowable in the gutter is to be calculated using Equation 3.3, in
which the theoretical capacity is multiplied by the corresponding reduction factor (F)
obtained from Figure 3.4. Discharge curves can be developed for standard streets by
plotting the solution of Equation 3.3 for a range of longitudinal slopes using the
appropriate gutter capacity reduction factor, F, , and the theoretical gutter capacity
computed for each slope.

Qup= FsQ, (3.3)

3-6
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Uée for sifreets wfnere patf'idng :
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Use for streets where parlqngg
IS allowed along curbs =

Reduction Factor, F,

Longitudinal Slope, ft/ft

Figure 3.4
Gutter Capacity Reduction Factors
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Sireet Drainage

3.2.1.5 Transition «l Curb and Gutrer End: Where curb and gutter sections end, care
niust be taken to transition the gutter flow into the receiving ditch or channel to prevent
scour. When the flow encounters a widening in the channel cross section, it spreads at
approximately 4.1 (longitudinal to transverse). A concrete or rock riprap apron should
be provided to protect the receiving channe! or ditch, and to spread the flow until the
velocity is below the maximum allowable velocity for the channel material. The

--protectionsmust besplaced. far enough-below. the flowline so.that.there.are-no .adverse

impacts from ponding or siltation.

Design Criteria for Intersections

Figure 3.5 is a typical illustration of the variations in grade when local streets intersect.
When local streets intersect arterial or collector streets, the grades of the arterial or
collector street should be continued uninterrupted.

When collector and arterial streets intersect, the grade of the more major street should
be maintained as much as possible. For drainage purposes, no form of valley gutter
should be constructed across an arterial street. Infrequently, with agency approval,
valley gutters may be considered on collector streets.

Conveutional valley gutters may be used to transport runoff across local streets when
a storm drain system is not required and when approved by the governmental agency.
The valley gutter should be sufficient to transport the runoff across the intersection with
encroachment equivalent to that allowed on the street.

3.2.2.1 Theoretical Capacity: The theoretical carrying capacity of each gutter
approaching an intersecticn shall be calculated based upon the effective slope, as
outlined herein.

Continuous Grade Across Intersection: When the gutter slope will be continued across
an intersection—as when valley gutters are in place——use the stope of the gutter flow
line crossing the street to calculate capacity.

Flow Direction Change at Intersection: When the gutter flow must undergo a direction
change at the intersection greater than 45 degrees, the slope used for calculating capacity
shall be the effective gutter slope, defined as the average of the gutter slopes at O feet,
and 50 feet upstream from the point of direction change.

Flow Interception by Inlet: When the gutter flow is intercepted by an inlet on
continuous grade at the intersection, the effective gutter slope shall be utilized for
calculations. Under this condition, the points for averaging shall be O feet, 25 feet, and
50 feet upstream from the infet.

January 28, 1996 3-9
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3.2.2.2 Aliswabie Capacity:

f

g The ailowable carrying capacity for gutters approaching an intersection shall be
| calculated by applying the reduction factor found in Figure 3.4 to the theoretical
!l capacity. The grade used to determine the reduction factor shall be the same
i affective grade used to calculate the theoretical capacity.

Special Considerations for Business Areas and Heavily-used Pedestrian Areas: In
highly concentrated business areas where large volumes of pedestrian traftic are likely,
consider using walk-over curbs (where the pavement grade 1s raised to match the curb
zlevation at the crosswalk) at intersections. If used, however, two catch basins would
be required at nearly every corner as flow may not be allowed to continue around the
corner. For the storm frequency being contemplated, the effect water may have on
pedestrian walking area should be compatible with that on streets. Based upon vehicular
traffic use in a business area all streets would probably be classified as collector or
arterial, requiring a minimum of one water-frec travel lane in each direction. The
walk-over curbs should be available for limited pedestrian use.

Where concentration of pedestrians occurs, depth and area limitations may need
modifications. As an example, streets adjacent to schools are arterials from a pedestrian
standpoint and should be designed accordingly. Designing for pedestrian traffic is as
important as designing for vehicular traffic, Ponding water and gutter flow wider than
two feet is difficult for pedestrians to negotiate.

Where business buildings are constructed to property lines, the reduced clearance
between buildings and heavy traffic must be considered. Splash from vehicles striking
gutter flow may damage store fronts and make walking on sidewalks difficult.

Although not a necessity in many business areas, highly concentrated business areas
should be designed to use reduced allowable pavement encroachment area and
inundated areas, raised walk-over curbs at intersections, or additional catch basins to
intercept flow before it reaches intersections. Generally, storm drains should be installed
in these areas even if other criteria do not so indicate,

Design Criteria for Roadside Ditches

Roadside ditches are commonly used in rural areas to convey runoff from the highway
pavement, and from areas which drain toward the highway. Where practicable, the flow
from major areas draining toward curbed highway pavements should be intercepted by
ditches.

The following criteria pertain to the design of open channels along roadsides. For
additional criteria for open channels, see Chapter 6.

January 28, 1996 3-11
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3.2.3.1 Permissible Use: Roadside ditches adjacent to public streets are discouraged in
urban areas and require approval from the governing municipality. When they are
allowed, adhere to the critena outlined in this section.

3.2.3.2 Street Capacity for the Design Storm: Depth of flow in roadside ditches for
the design storm shall be limited to preclude saturation of the adjacent roadway
subgrade. Where curbs exist and roadside ditches are used in lieu of storm drains, catch
basins or scuppers should be provided as needed to drain the pavement into the dramacre_,

ditch while meeting the criteria set forth in Table 3.1.

3.2.3.3 Geometry: Geometric considerations in the design of channel cross-sections
should incorporate hydraulic requirements for the design discharge, safety, minimization
of right-of-way acquisition, economy in construction and maintenance, and good
appearance.

Channel side slopes should be as mild as practical and should be no steeper than 4:1
where terrain and right-of-way permit. The advantages of mild slopes are that the
potential for erosion and slides 1s lessened, maintenance is eased, and the safety of errant
vehicles is enhanced. Safety considerations are subject to the requirements of the local
jurisdiction.

Trapezoidal channel bottoms should be a minimum of 4-feet wide for maintenance
purposes. V-shaped channels may also be used when approved by the governing
municipality.

Local soil conditions, {fiow depths, and velocities within the channel are usually the
primary hydraulic considerations in channel geometric design; however, terrain and
safety considerations have considerable influence. Steeper side slopes of rigid, lined
channels may be more economical and will improve the hydraulic flow characteristics.
The use of steeper slopes 1s normally limited to areas with limited right-of-way where
the hazard to traffic can be minimized through the use of guardrails or parapets.

3.2.3.4 Rural Crown Ditch: In mountainous terrain where large cuts are required,
crown ditches constructed on top of the cut embankment will intercept runoff preventing
it from eroding the face of the cut slope. A typical crown ditch is shown in Figure 3.6.

Figure 3.6
Crown Ditch

3-12
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{Catch Basins

Proper surface drainage of streets and highways may require intercepting excess flows
vith stormwater catch basins. A stormwater inlet or catch basin is an opening into a
storm drain systern to permit entrance of surface storm runoff. The most upstream catch
basin in the system should be placed as far downstream as possible, because as soon as
the runoff enters the pipe systern, it is carried rapidly downstream which tends to reduce
the time of concentration. The placing of catch basins is diciated by street encroachment
and flow depth criteria (see Table 3.1). S

Catch Basin Types
There are four categories of catch basins:

»  curb opening catch basins
»  grated catch basins
»  combination catch basins

» slotted drain catch basins

Catch basins may be further classified as being on a continuous grade or in a sump. The
continuous grade condition exists when the street grade is continuous past the catch
basin and the water can flow past. The sump condition exists whenever water is
restricted to the catch basin area because the catch basin is located at a low point. This
may be due to a change in grade of the street from positive to negative or due to the
crown slope of a cross street when the catch basin is located at an intersection.

Two or more catch basins placed close to each other may act as one hydraulic unit.

3.3.1.1 Curb Opening Catch Basins: Curb opening catch basins (Figure 3.7a) are best
for use when a sump condition exists. Although a curb opening catch basin will not
guarantee against plugging by debris, it is the most desirable type of catch basin.

A curb opening catch basin is a vertical opening in a curb through which the gutter flow
passes, For safety reasons, the vertical opening should not be greater than 6 inches. The
gutter may be undepressed or depressed in the area of the curb opening. The capacity
of the curb opening is significantly increased by depressing the opening. Permissible
curb opening catch basins are contained in the Maricopa Association of Governments
(MAG) Standard Details. All details and inlet types must be approved by the governing
municipality. A characteristic of the curb opening catch basin is its relative inefficiency
on streets of steep grade. Therefore, curb opening catch basins less than 5 feet in length
shouldn’t be used on steep grades. However, longer catch basins can be guite efficient
and should be considered for use on streets with slopes up to 1.0 percent.

January 28, 1996 3-13
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{a) Curb Opening Caich Basin Inlet

(b) Grated Catch Basin Inlei

{c) Combination Catch Basin Inlet

{d) Slotled Draln Catch Basin Inlet

Figure 3.7
Catch Basin Inlets
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Street Drainage

3.3.1.2 Grated Caich Basin: Grated or gutter calch basin refers t¢ an opening in the
gutter covered by one or more grates through which the water falls (see Figure 3.7b). As
with other catch basins, grated catch basins may be either depressed or unidepressed and
are more efficient than curb opening catch basins when located on a coniinuous grade.
Permissible grated catch basins are contained in the MAG Standard Details. Other
details must be approved by the governing municipality.

When~gratedzcatch=basins--areused; the-engineer should design them- to-optimize

hydraulic efficiency, bicycle and pedestrian safety, structural adequacy, economy, and
freedom from clogging (see Combinarion Catch Basin for recommendations).

3.3.1.3 Combination Catch Basin: A combination catch basin is composed of a curb
opening and a grated catch basin acting as a unit (see Figure 3.7¢). Usually the gutter
opening is placed adjacent to the curb opening. As with other catch basins, a
combination catch basin may be either depressed or undepressed and located in a sump
or on a contlinuous grade.

For the widest range of conditions, the combination catch basin is the most efficient type
of stormwater catch basin for hydraulic interception capabilities and eliminating debris
clogging. Permissible combination catch basins are contained in the MAG Standard
Details. Other details must be approved by the governing municipality.

3.3.1.4 Slotted Drain Catch Basins: A slotted drain (Figure 3.7d) is a slot opening in
the pavement which intercepts sheet flow and conveys it through a corrugated steel pipe.
Slotted drains are most effective when street slopes are shallow.

Catch Basin Applications

The following general recommendations are made for different types of stormwater
catch basins.

3.3.2.1 Sump Conditions:

True Sump: Depressed curb opening catch basins are recommended for true sump
conditions. Each true sump should be reviewed to determine if the area affected by
ponding is within acceptable limits. The ponding caused by the 100-year flow should
also be checked to assure that the 100-year inundation criteria in Tables 2.1 and 3.1 are
met. True sumps should be designed with care, considering the tflow path that will be
taken by flows in excess of the design flow. In some cases a drainage casement may be
necessary to prevent damage to adjacent property during storms in excess of the design
storm or in case of total blockage of the inlet by debris. Placement of an inlet should not
make conditions worse than they were before. This is an important consideration in
retrofit situations.
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Sumps Formed by Crown Slope of Cross-5treet at [ntersection: Curb opening catch
basins are recommended for these conditions, although combination catch basins may
be used successfully. Conditions need to be checked to prevent a small amount of
ponding from causing excessive lane encroachment or storm runoff flowing over the
crown of the cross street and continuing down the gutter.

. :3.3.2:2 Continuous-Grade Conditions:-Curb-opening caich basins.should be used.on

3.3.3

continuous grades, unless otherwise approved by the governing municipality. Inlet
spacing should be limited to a maximum of 660 feet for collection of nuisance flows.

3.3.2.3 Shallow Sheet Flow Condition: Slotted drains may be used as permitted by the
governing municipality.

3.3.2.4 Large Inlet Inflows: In areas where large inflows are admitted into the storm
drain system, hazards may be introduced to vehicular and pedestrian traftic due to large
depths and velocities. Special consideration should be given to design of large inlet
facilities. When possible, large inlet facilities should be located off of the roadway and
provided with trash racks and fencing to improve safety.

Allowable Catch Basin Capacities

The inlet capacity reduction factors, also called clogging factors, outlined in Table 3.2
should be applied to the theoretical calculated capacity of catch basins based upon their
type and function. The reduction factors compensate for effects which decrease the
capacity of the catch basin such as debris plugging, pavement overlaying, and in
variations of design.

The allowable capacity of a catch basin should be determined by applying the applicable
factor from Table 3.2 to the theoretical capacity calculated in accordance with the
appropriate design charts.

The percentage of theoretical capacity allowed may be even lower when the catch basin
is likely to intercept large amounts of sediment or debris. For instance, the first catch
basin to a pipe network draining a high debris-yielding area may actually accept only
20 percent of the theoretical capacity allowed because of clogging. Sediment traps
should not be designed into the catch basin. A sediment trap formed by lowering the
floor of the catch basin below the elevation of the outlet pipe is unnecessary and
undesirable since there is too much turbulence for effective trapping at design flow rates,
and cleaning is costly. Catch basins should be self-scouring, even under low-flow
conditions.

January 28, 1996



13.34

Street Drainage

Table 3.2
Reduction Factors Lo Apply to Catch Basins
Condition Inlet Type Reduction Factor

Sump Curb Opening 0.80
Sump Grated (.50
Sump | | Combination J 0.65
Continucus Grade Curb Opening 0.80
Continuous Grade Longitudinal Bar Grate 0.75

Longitudinal Bar Grate 0.60

with recessed transverse

bars
Continuous Grade Combination Apply factors separately to

grate and curb opening
' Shallow Sheet Flow Slotted Drains 0.80

{1y See Section 3.3.4.3, Combination Catch Basins
(2)  Slotted drains are most effective for shallow sheet flow conditions. With greater depths
and fiows, a different type of inlet should be used.

Catch Basin Design Procedures

Figures 3.9 to 3.19 (pages 3-27 to 3-37) are capacity curves for standard catch basins.
When designing s nonstandard catch basin, vse the equations and procedures outlined
herein, The approval of the governing municipality should be obtained before designing
anonstandard catch basin. The procedures and equations in this section are adapted from
the Federal Highway Administration Hydraulic Engineering Circular No. 12 (HEC-12),
Druinage of Highway Pavements (USDOT, FHWA, 1984). Refer to Section 3.1 for
definitions of coefficients used in the following equations.

3.3.4.1 Curb Opening Catch Basins:

On-Grade: The length of curb opening catch basin required for total interception of
gutter flow on a pavement section with a straight cross slope is expressed as:

1
L. =06 0.425 03, 1 ~0&o
T ¢ <) (3.4)

Xz

Figure 3.20 (page 3-38) is a nomograph for the solution of Equation 3.4.
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The efficiency of curb opening catch basins shorter than the length required for total
interception is:

L)I.S

T

£ =1-(1- (3.5)

Figure 3.21 (page 3-39) provides a solution of Equation 3.5 and the equation is
applicable with either straight cross slopes or compound cross slopes.

The length of catch basin required for total interception by depressed curb opening catch
basins or curb openings in depressed gutter sections can be found by using an equivalent
cross slope, S,, in Equation 3.4.

S, - S,+S,E, (3.6)

£

E, is the ratio of flow in the depressed section to the total gutter flow, and S Zis the cross
slope of the gutter measured from the cross slope of the pavement, S,. Figure 3.22 (page
3-40) can be used to determine the spread, and then Figure 3.23 (page 3-41) can be used
to determine E,_.

The length of curb opening required for total interception can be significantly reduced
by increasing the cross slope or the equivalent cross slope. The equivalent cross slope
can be increased by use of a continuously depressed gutter section or a locally depressed
gutter section.

Using the equivalent cross slope, S,, Equation 3.4 becomes:

1 .
L. = 0.60 %4503 0.6 A
T Q S (3.7)

e

Figures 3.20 and 3.21 are applicable to depressed curb opening catch basins using S,
rather than S,.

Sumps: The capacity of a curb opening catch basin in a sump depends on water depth
at the curb, the curb opening length, and the height of the curb opening. The catch basin
operates as a weir {or depths of water up to the curb opening height and as an orifice at
depths greater than 1.4 times the opening height. At water depths between 1.0 and 1.4
times the opening height, flow is in a transition stage.

3-18
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The weir location for a depressed curb opening catch basin is at the edge of the gutter,
and the effective weir length is dependent on the width of the depressed gutter and the
length of the curb opening. The weir Jocation for a curb opening cat<h basin that is not
depressed is at the lip of the curb opening, and its length is equal io that of the catch
basin. Limited experiments and extrapolation of the results of tests on depressed catch
basins indicate that the weir coefficient for curb opening catch basins without depression
18 appreximately equal to-that for adepressed curb opening inlet,

The equation for the interception capacity of a depressed curb opening catch basin
operating as a welr is:

Q,=C (L+18W)d'’ (3.8)

where C = 2.3,
The weir equation is applicable to depths at the curb approximately equal to the height

of the opening plus the depth of the depression. Thus, the limitation on the use of
Equation 3.8 for a depressed curb opening catch basin is:

a

d < h+ -
12

Experiments have not been: conducted for curb opening catch basins with a continuousty
depressed gutter, but it is reasonable to expect that the effective weir length would be
as great as that for a catch basin in a local depression. Use of Equation 3.8 will vield
conservative estimates of the interception capacity.

The weir equation for cutb opening caich basing without depression (W = {) becomes:
Q; = C,Ld"* (3.9)

where C = 3.0,

The depth limitaticn for operation as a weir becomes: d < h.
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Curb opening catch basins operate as orifices at depths greater than approximately 1.4h.

'The interception capacity can be computed by Equation 3.10:

Q, = C ,hL(2gd )"? (3.10)

where C , = 0.67.

Equation 3.10 is applicable to depressed and undepressed curb opening catch basins and
the depth at the catch basin includes any gutter depression.

Height of the orifice in Equation 3,10 assumes a vertical orifice opening. As illustrated
in Figure 3.8, other orifice throat locations can change the etfective depth on the orifice
and the dimension (d, — 1/2). A limited throat width could reduce the capacity of the
curb opening catch basin by causing the catch basin to go into orifice flow at depths less
than the height of the opening.

Figure 3.24 (page 3-42) provides solutions for Equations 3.8 and 3.10 for depressed curb
opening catch basins, and Figure 3.25 (page 3-43) provides solutions for Equations 3.9
and 3.10 for curb opening catch basins without depression. Figure 3.26 (page 3-44) is
provided for use for curb openings with inclined or vertical orifice throats.

3.3.4.2 Grated Catch Basins:

On-Grade: Grated catch basins intercept all of the frontal flow until “splash over” (the

velocity at which water begins to splash over the grate) is reached. At velocities greater
than splash over, grate efficiency in intercepting frontal flow is diminished. Grates also
intercept a portion of the flow along the length of the grate, or the side flow, dependent
on the cross slope of the pavement, the length of the grate, and flow velocity.

The ratio of frontal flow to total gutter flow, E , for a straight cross slope is:

Q ) l‘; .
E = " = 1‘ 1‘ e 2.67
( ) (3.11)

7]

Figure 3.23 (page 3-41) provides a graphical solution of E, for either straight cross
slopes or depressed gutter sections.
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The ratio of side flow, Q.. to wtal guiter flow is:

Q!

Y

o

== 1K (3.12)

Q|

The ratio of frontal flow intercepted to total frontal flow, R;, is expressed:

R, = 1-0.09(V-V,) (3.13)

This ratio is equivalent to frontal flow interception efficiency. Figure 3.27 {page 3-45)
provides a solution of Equation 3.13 which takes into account grate length, bar
configuration and gutter velocity at which splash-over occurs. The gutter velocity
needed to use Figure 3.27 is total gutter flow divided by the area of flow.

The ratio of side flow intercepted to total side flow, R, or side flow interception
efficiency. is:

. 0.15V1‘8) (3.14)

Figure 3.28 (page 3-46) provides a solution of Equation 3.14.

A deficiency in developing empirical equations and charts from experimental data is
evident in Figure 3.28. The fact that a grate will intercept all or almost all of the side
flow where the velocity is low and the spread only slightly exceeds the grate width is
not reflected in the figure. Error due to this deficiency is very small. In fact, where
velocities are high, side flow interception can be neglected entirely without significant
error.

The efficiency. E, of a grate is:
E =R,E,~R(1-E)) (3.15)

The first term on the right side of Equation 3.15 is the ratio of intercepted frontal flow
to total gutter flow, and the second term is the ratio of intercepted side flow to total side
flow. The second term is insignificant with high velocities and short grates.
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The Intercoption capacity of a grate catch basin on grade is equal 1o the efficiency of the
srate multiphed by the total gutter flow;

0, = EQ = QIRE,~R(1-E,)] (3.16)

Swmps: The efficiency of catch basins in passing debris is critical in sump locations
~because all runoft-which enters the-sump-mist be passed through the cateh-basin. Total -
or partial clogging of catch basins in these locations can result in hazardous ponding
condifions. Grafe catch basins alone are not recommended for use in sump locations
because of the tendencies of grates to become clogged. Combination catch basins or

curb-opening catch basins are recommended for use in these locations,

A grate catch basin in a sump Jocation operates as a weir to depths dependent on the bar
configuration and size of the grate and as an orifice at greater depths. Grates of larger
dimension and grates with more open area, i.e., (with less space occupied by lateral and
longitudinal bars), will operate as weirs to greater depths than smaller grates or grates
with less open area.

The capacity of grate catch basing operating as weirs 1s:

g, =C,pd*® 3.17)

where C , = 3.0.

The capacity of a grate catch basin operating as an orifice is:

0, - C,AQ2gd)"” (3.18)

where C = 0.67.

Use of Equation 3.18 requires the clear opening area of the grate. Tests of three grates
for the Federal Highway Administration showed that for flat bar grates, such as
P--1-7/8—4 and P-1--1/8 grates, the clear opening is equal to the total area of the grate
less the area occupied by longitudinal and lateral bars.

Figure 3.29 (page 3-47) 1s a plot of Equations 3.17 and 3.18 for various grate sizes. The
effects of grate size on the depth at which a grate operates as an orifice is apparent from
the chart. Transition from weir to orifice flow results in interception capacity less than
that computed by either the weir or the orifice equation. This capacity can be
approximated by drawing in a curve between the lines representing the perimeter and
aet area of the grate to be used.
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3.3.4.3 Combination Catch Basins:

On-Grade: The interception capacity of a combination catch basin consisting of a curb

opening and grate placed side-by-side is not appreciably greater than that of the grate
alone. Capacity is computed by neglecting the curb opening. A combination catch basin
is sometimes used with the curb opening or a part of the curb opening placed upstream
of the grate. The curb opening in such an installation intercepts debris which might

« sgtherwise-clogthe grate and-has-been termed a “sweeper sby-seme. A -combinatiencatch

basin with a curb opening extending upstream of the grate has an interception capacity
equal to the sum of the grated catch basin and the portion of the curb opening inlet
upstream of the grate. The frontal flow and thus the interception capacity of the grate is
reduced by the flow intercepted by the curb opening.

Sump: Combination catch basins consisting of a grate and a curb opening are considered
advisable for use in sumps where hazardous ponding can occur. The interception
capacity of the combination catch basin is essentially equal to that of a grate alone in
weir flow uniess the grate opening becomes clogged. In orifice flow, the capacity is
equal to the capacily of the grate plus the capacity of the curb opening.

Equation 3.17 or Figure 3.29 can be used for weir flow in combination catch basins in
sump locations. Assuming complete clogging of the grate, Equations 3.8, 3.9, and 3.10,
or Figures 3.24, 3.25, and 3.26 for curb-opening catch basins are applicable.

Where depth at the curb is such that orifice flow occurs, the interception capacity of the
catch basin 1s computed by adding Equations 3.18 and 3.10:

0, - 0.67A,(2gd)" + 0.67ThL(2gd,)** (3.19)

Trial and error solutions are necessary for depth at the curb for a given flow rate using
Figures 3.24, 3.25, 3.26, or 3.29 for orifice flow.

3.3.4.4 Slotted Drain Catch Basins:

On-Grade: Wide experience with the debris handling capabilities of slotted drain catch
basins is not available. Deposition in the pipe is the problem most commonly
encountered; however, the catch basin is accessible for cleaning with a high pressure
water jet.

Slotted drain catch basins are effective pavement drainage catch basins which have a
variety of applications. They can be used on curbed or uncurbed sections and offer little
interference to traffic operations.

3-24
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Flow utterception by slotted drain catch basins and curb opening catch bastns is simifar
in that each is a side weir and the flow is subjected to literal acceleration due to the
cross slope of the pavement. Analysis of data from the HEC-12 tests of slotted drain
catch basins with slot widths greater than or equal to 1.75 inches indicates that the
length of the slotted drain catch basin required for total intercepiion can be computed
using Equation 3.4. Figure 3.20 is therefore applicable for both curb opening catch

+-«basins and-slotied drain catch-basins -Similarly -Equation 3.5:is.alse:applicable to slotted -

drain catch basins and Figure 3.21 can be used to obtain the catch basin efficiency tor
the selected length of the catch basin.

Using Figures 3.20 and 3.21 for slotted drain catch basins is the same as using them for
curb opening catch basins. It should be noted, however, that it 1s much less expensive
to add length to a slotted drain catch basin to increase interception capacity than it is to
add length to « curd opening catch basin.

Sump: Slotted drain catch basins in sump locations perform as weirs to depths of about
0.2 ft, dependent on slot width and length. At depths greater than about (.4 {t, they
perform as orifices. Between these depths, flow is in a iransition stage. The interception
capacity of a slotted drain catch basin operating as an orifice can be compuied by
Equation 3.20:

0, = 0.8LW(2gd)"? (3.20)

where: d = depth of water at slot, ft
d>04ft

Equation 3.20 becoines:

0, = 0.94Ld " (

w
%)
N

=

where: W =1.75"

The interception capacity of slotted drain catch basins at depths between 0.2 and 0.4 feet
can be computed by using the orifice equation. The orifice coefficient varies with depth,
slot width, and the length of the slotted drain catch basin.

Figure 3.30 {page 3-48) provides the solutions for weir flow, transition flew and orifice
flow.
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3.3.5 Design Aids

The iniet capacity curves in Figures 3.9 - 3.19 have been developed using procedures
set forth in HEC-12 and are to be used for selecting Standard MAG inlets for pavement
drainage design in Maricopa County. The curves are developed for a street cross slope
of two percent and do not include reduction factors to account for plugging.

The reduction factors contained in Table 3.2 shall be applied to the theoretical catch |
basin capacity from the curves to obtain the interception capacity used for design.

Figures 3.20 - 3.30 are from HEC-12 and are provided here as additional aids in the
sizing of inlets. Refer to HEC-12 for design examples and inlel location procedures.
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Depressed Curb Opening Inlet Capacity in Sump Locations
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Curb Opening Inlet Capacity for Inclined and Vertical Orifice Throats
(USDOT, FHWA, 1984, HEC-12, Chart 14)
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Figure 3.27
rate Inlet Frontal Flow Interception Efficiency
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These orifice curves are for W = 1.75 inch.
For other values of W, muitiply W (inches)/1.75.
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Slotted Drain Inlet Capacity in Sump Conditions
(USDOT, FHWA, 1984, HEC-12, Chart 13)
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Storm Drains

4.1 Definition of Symbols

o
I
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g
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The central angle of the bend, degrees

The horizontal angle of divergence or convergence between two

sections, degrees _

Area of water normal to flow, ft2
Diameter of storm drain, ft

Specific energy, ft

Acceleration due to gravity, 32.2 ft/sec®
Head loss due to a bend, ft

Head loss due to friction, ft

Head loss due to a junction, ft

Head loss due to a manhole, ft

Minor head losses, ft

Head loss due to transition (contraction or expansion) in pipe size, it

Bend loss coefficient

Coefficient for transition loss due to contraction of flow
Coefficient for transition loss due to expansion of flow
Junction loss coefficient

Horizontal length of a storm drain, ft

Manning's roughness coefficient

Rate of flow, ft'/sec

Radius of curvature, ft

Hydraulic radius, ft

Friction slope, fu/ft

Invert slope, fu/ft

Time of concentration, min.

Velocity, ft/s

Vertical distance from invert to hydraulic grade line, ft
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4.2

Storm Drains

In this manual, storm drain system refers to the system of inlets, conduits, manholes, and
other appurtenances which are designed to collect and convey storm runoff from the
design storm to a point of discharge and into a major or regional drain outfall. Storm
drain system design is based on the design storm. The design storm is the storm

.+ «associated svith the.governing.return.period from .Table 3.1, (page 3-3)..In the upper

4.2.1

4.2.2

reaches of a system the 10-year criteria will govern. Farther downstream in the system,
the storm drain system design for the 10-year storm may riot meet the criteria stated for
the 100-year storm. Storm drains will then need to be upsized to meet the 100-year
criteria. Both return periods need to be checked to determine which condition governs.
The storm condition governing design at any point is the design storm,

The designer of the storm drain system will have to use good professional judgement
when dealing with the conflicts that can occur with existing utilities, When the designer
has to deviate from the requirements of this chapter, they should contact the governing
municipality has soon as possible to explain the situation and come to an agreement on
the solution. '

Interaction of Storm Drain Systems with other Systems

Storm drains will generally only work for minor water courses. Storm drains typically
are not economical for the flows conveyed within larger water courses. Therefore, the
storm drain system will collect runoff to a point where storm drains become too large
to be economical and will then discharge into a major or regional watercourse outfall
consisting of a man-made channel, natural wash, or river.

Storm Drain Criteri

4.2,2.1 Maximum Velocity: Consideration should be given to possible pipe damage,
the flow energy and how the system hydraulics will be affected. Large momentum
forces are generated when high velocity flow is directed around bends and transitions.
The conditions at the storm drain outlet should also be considered.

4.2.2,2 Minimum Velocity: Since conduits generally are designed on the basis of their
capacity when flowing full, or nearly full. the provision of a velocity adequate for
self-cleansing under these conditions does not necessarily ensure prevention of deposits
at all conditions of flow. Research shows that full flow in a pipe with a Darcy-Weisbach
friction factor of 0.025, at 2 ft/s, will barely move a coarse sand particle with a diameter
of 1.8 mm. As the friction factor increases, the scouring velocity decreases. Since the
friction factor increases with decreasing depth of flow in a pipe, equal self-cleansing will
occur in partially full pipes at somewhat less than the critical velocity when flowing full.
Equal cleansing ability is computed based on the critical tractive force required to move

4.2
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a particle through the pipe. Where possible, a minimum cleansing velocity of 5 ft/s shall
be maintained in the system. However, 2 minimum velocity of 2 ft/s must be maintained
when flow is one-half of the design discharge.

4.2.2.3 Minimum Slope: The minimum slope for main line conduits shall be .001 (0.10
percent), unless otherwise approved by the governing municipality. The minimum slope
requirement is intended primarily to provide some drainage of the system afier each
storm event and does not eliminate the need to meet the minimum velocny rcqmrement

4.2.2. 4 Hydrauhc/Energy Grade Lme Often a closed conduit de51gned for open
channel flow operates as a pressure conduit. This may result when storm runoff exceeds
that used for design purposes or simply because junction losses were underestimated or
neglected in the design. In storm drain systems, junctions in closed conduits can cause
major losses in the energy grade line across the junction. If these losses are not included
in the hydraulic design, the capacity of the conduit may not be adequate for the design
flow.

Even though a conduit may be designed to carry stormwater as open-channel flow,
losses at bends and junctions will frequently cause pressure flow to -occur for some
distance upstream of the “loss™ area. Situations may occur in steep terrain where the
flow often interchanges between open channel and pressure flows. Because it is not
economical 1o size conduits to avoid pressure flow under all storm runoff and flow
conditions, it follows that it is reasonable and even necessary to design the conduits as
flowing full. Planned management of stormwater runoff is also easier to achieve if the
hydraulic grade line is kept higher than the crown of the conduit. The discharge through
a circular pipe flowing full is constant for a given pipe diameter and hydraulic gradient.
Once the flowing full discharge 1s reached in the pipe, no further runoff can be admitted
to the pipe network. This phenomenon in the field would be evidenced by runoff passing
directly over the catch basin to flow down the street (or overland) until it enters the
system elsewhere. Another indication is water standing in sumps (detention ponding)
until there is sufficient capacity in the storm drain to admit the ponded water. The
designer should size the pipes so that the hydraulic grade line is at or very near 6 inches
below the inlet elevation. Doing so provides an “automatic safety valve” that will
prevent additional runoff from entering the pipe network and causing unforeseen
problems at other locations in the system,

Although not always feasible, the recommended procedure is to design storm drains to
flow under pressure. Because designing for pressure flow allows for minimizing the
capital expenditure required for a specified level of protection. Whether or not the final
design is made with the pipe flowing partially or completely full, the hydraulic grade
line must be computed and displayed on a profile drawing of the conduit. When the
hydraulic grade line rises above ground level, stormwater can be found shooting out of
catch basins or popping manhole covers, which can lead to needless damage and
inconvenience to pedestrian and vehicular traffic. Therefore, the hydraulic grade line
should be at least 6 inches below the inlet elevation.
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4.2.2.5 Matertials:

All materials used for a storm drain system must be approved by the governing
municipality prior to use.

Table 4.1 lists friction factors for commonly used pipe materials.

«4:2.2:6 Sizing:

Storm drain systems shall be designed so that the hydraulic grade line is at least 6
inches below the inlet elevation.

The general procedures for establishing the quantity of flow and layout.are the same for
a closed conduit flowing either as an open channel or as a pressure conduit. Because of
the nature of hydraulic elements in circular conduits, it may be reasonably assumed that
open channel flow will occur only when the flow depth is less than 80 percent of the
conduit diameter.

The designer should initially size the pipes to carry excess runoff 1o meet the 10-year
street encroachment criteria of Table 3.1. Once this runoff has been admitted to the pipe
network, additional runoff can be carried by surcharge in the street to a level of
encroachment allowed by Table 3.1 for the 100-year storm. If the encroachment criteria
is exceeded for the 100-year storm, then the pipe sizes should be increased to carry the
extra runoff.

Minimum Pipe Size: The minimum diameter of a main line conduit should be 24
inches, unless otherwise approved by the governing municipality. The minimum pipe
size of a lateral collector pipe should be 15 inches.

4.2.2.7 Manhole Design Considerations: The following considerations are intended
for use when junction losses are an important design consideration. They are not
intended to be design requirements.

Alignment of Pipes in Manholes: The following discussion applies to the location of
pipes within a manhole to achieve maximum efficiency.

For a straight through-flow, pipes should be positioned vertically so that they are
between the limits of inverts aligned or crowns aligned. An offset in the plan is
allowable provided the projected area of the smaller pipe falls within that of the larger.
Aligning the inverts of the pipes is probably the most efficient as the manhole bottom
then supports the bottom of the jet issuing from the upstream pipe.

When two inflowing laterals intersect a manhole, the alignment should be quite
different. If lateral pipes are aligned opposite one another so the jets may impinge upon
each other, the magnitude of the losses can be extremely high. A design figure for
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Table 4.1

Values of Effective Absolute Roughness and

Friction Formula Coefficients for Closed Conduits

Storm Drains

.., -Effective Absolute | b
Roughness Hazen
(Darcy-Weishach) Manning's Williams
Conduit Material k, ft n C
Asbestos Cement Pipe 0.001 to 0.01 0.011to 0.015 100 to 140
Brick 0.005 to 0.02 0.013 to 0.017 100
Cast Iron Pipe
Uncoated (new) 0.00085 - 130
Asphalt dipped (new) 0.0004 - 115t0 135
Cement lined & seal coated 0.001 to 0.01 0.011 to 0.015 130 to 150
Concrete (monolithic)
Smooth forms 0.001 to 0.005 0.012 to 0.014 140
" Rough forms 0.005 to 0.02 0.015 to 0.017 120
Concrete Pipe 0.001 to 0.01 0.011 to 0.015 100 to 140
Corrugated Metal Pipe
(1/2 x 2 2/3 inch corrugations)
Plain 0.1t0 0.2 0.022 to 0.026 -
Paved invert 0.03to 0.1 0.018 to 0.022 -
Spun asphalt lined 0.03 t0 0.01 0.011 to 0.015 100 to 140
Plastic Pipe (smooth) 0.01 0.011 10 0.015 140 to 150
Vitrified Clay
Pipes 0.001 to 0.01 0.011 to 0.015 100 to 140
Liner plates 0.005 to 0.01 0.013 t0 0.017 100 to 140
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directly opposed laterals is shown in Figure 4.1, although this arrangement should be
avoided wherever possible.

If the installation of directly opposed inflow laterals is necessary, the installation of a
deflector, as shown in Figure 4.1 will result in significantly reduced losses. The research
conducted on this type deflector is limited to the ratios of D /D, = 1.25. The tests
indicate that it would be conservative to assume the coefficient of pressure change at 1.6
for all flow ratios and pipe diameter ratios when no catch basin is considered, and 1.8

- =when the.catch-basin Hlow-is:morethan 10:percent:of Q.- -

Lateral inflow pipes should not be located directly opposite, rather, their centerlines
should be separated laterally by at least the sum of the two lateral pipe diameters.
Studies have shown that head losses are reduced by this as compared to directly opposed
laterals, even with deflectors. Insufficient data has been collected to determine the effect
of offsetting laterals vertically.

Shaping Inside of Manhole: Jets issuing from the upstream and lateral pipes must be
considered when atternpting to shape the inside of manholes.

The tests for full flow revealed that very little, if anything, is gained by shaping the
bottom of a manhole to conform to the pipe invert. Shaping of the invert may even be
detrimental when lateral flows are involved, as the shaping tends to deflect the jet
upwards, causing unnecessary head loss. From a practical point of view limited shaping
of the invert is necessary in order to handle low flows, and to reduce sedimentation.

Figure 4.1 details several types of deflector devices that have been found efficient 1n
reducing losses at junctions and bends. In all cases, the bottoms are flat, or only slightly
rounded, to handle low flows. Numerous other types of deflectors or shaping of the
manhole interiors were tested by the University of Missouri. Some of these devices
which were found inefficient are shown in Figure 4.2. The fact that several of these
inefficient devices would appear to be improvements indicates that special shapings
deviating from those in Figure 4.1 should be used with caution, possibly only after
mode] tests.

Entrances: Tests indicate that rounding entrances or the use of pipe socket entrances do
not have the effect on reducing losses that might be expected. Once again, the effect of
the jet from the upstream pipe must be considered. Specific reductions to the pressure
change factors are indicated with each design figure.

4.2.2.8 Catch Basins: Certain specific design procedures are necessary for storm water
catch basins on systems flowing full.

The hydraulic grade line must be at least 6 inches below the gutter grade at the catch
basin to allow the catch basin to function properly. If there is any possibility of the
hydraulic grade being above this level, adjustments should be made to lower the
hydraulic grade line or the inlet should be eliminated in that location The design
procedures for catch basins can be found in Section 3.3.

4-6
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Storm Drains

Directly opposed lateral with deflector
{head losses are still excessive with this
method, but are significantly less than
when no deflector exists.)

Bend with straight deflector

Bend with curved deflector

Inline upstream main and 90° lateral
with detlector

Figure 4.1
Eificient Manhole Shaping

(University of Missouri)
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with divider

with deflector

NOTE:

Although these modifications look
like improvements, studies have
proven these designs to be less
efficient than the designs in Figure
4.1,

Use caution when deviating from
recommended designs.

Figure 4.2
Inefficient Manhole Shaping

(University of Missouri)

Offset lateral with deflector

Inline upstream main and 90° [ateral

Inline upstream main and 90° lateral

4.8

January 28, 1996



4.3

Storm Dirains

4.2.2.9 Debris: In a few areas there may be a high potential for debris which couid
block the storm drain. In situations Jike these, the governing municipality should be
contacted for determining how best to minimize the impact of the debris on the storm
drain system.

4.2.2.10 Transition from Large to Small Conduit: As a general rule, storin drains are
designed with sizes increasing in the downstream direction. However, when studies
indicate it may be advisable to decrease the size of a downstream section. the conduit

- may be-decreased in'size inaccerdance withthe following imitations: -

a. For slopes of .0025 (0.25 percent) or less, only conduits 78 inches and
greater may be decreased in size a maximum of 6 inches.

b. For slopes of more than .0025, only conduits 36 inches and greater may
be decreased in size. Each reduction is limited to a maximum of 3 inches
for pipe 48 inches in diameter or smaller, and to a maximum of 6 inches
for pipe larger than 48 inches in diameter. Reductions exceeding the
above criteria must have approval from appropriate governing
municipality.

The reduction in size must include approved transitions, result in a more economical
system, and must be shown not to cause any adverse impacts.

Water Surface Profile Calculations

Presented in this section are the general procedures for hydraulic design and evaluation
of storm drains. Calculations to check the pressure (hydraulic grade) of water surface
elevations in the storm drain system begin with a known hydraulic grade elevation at
some downstream point. To this are added the various losses that occur to determine the
upstream hydraulic grade elevation. These losses are commonly referred to as minor
losses or head losses. The procedures for calculating the various head losses are
presented in Section 4.3.3.

If the hydraulic grade line is above the pipe crown at the upstream junction, full flow
calculations may proceed. If the hydraulic grade line is below the pipe crown at the
upstream junction, then open channel flow calculations must be used.

To expedite computations, the storm drain hydraulic grade line elevation determined at
a junction should first be compared to the elevation of the top of the downstream pipe
and the gutter. Because of the usual losses that occur at a junction, the upstream
hydraulic elevations and the water elevation in the catch basin are generally higher than
the elevation of the downstream storm drain hydraulic grade line. Comparison to
limiting conditions will indicate whether the design may or may not be applicable at the
junctions.
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In this presentation of design methods, provision is made to identify pipes by use of
numbered subscripts. The number one (1) is used to identity the upstreamn main pipe, the
number two (2) 1s used to identify the downstream main pipe, and the number three (3)
is used for incoming or branching flow.

4.3.1 Determinatiqn_ of Controlling Water Surface Elevation
A stonn‘c‘lrain designed for pressure conditions may discharge into one of the following:
a. A body of water such as a retention basin, reservoir, or lake.
b. A natural watercourse or an open channel (either improved or unimproved).
¢. Another closéd conduit,

The controlling water surface elevation at the point of discharge is commonly referred
to as the control and, for pressure flow, is generally located at the downstream end of
the conduit. If flow becomes unsealed, the control may be at the first gradebreak
upstream of the point where unsealing occurs or, under certain conditions, may be
farther upstream.

The hydraulic grade line elevation for the receiving facility that coincides with the peak
flow from the storm drain must be determined. In general the two types of controls are
possible for a conduit on a mild slope are:

I. Control elevation above the soffit elevation. In such situations the
control shall conform to the following criteria:

a. In the case of a conduit discharging into a retention basin the
control shall be the retention basin water surface elevation
coinciding with the peak flow from the conduit.

b. In the case of a conduit discharging into an open channel, the
control shall be the water surface elevation of the channel
coinciding with the peak flow from the conduit.

c. In the case of a conduit discharging into another conduit, the
control shall be the highest hydraulic grade line elevation of the
outlet conduit immediately upstream or downstream of the
confluence.

)

Control elevation at or below the soffit elevation. The control shall be
the soffit elevation at the point of discharge. This condition may occur
in any one of the situations described earlier.
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“Storm Drains

4.3.2 Insiructions for Hvdraulic Calculations

Most procedures for calculating hydraulic grade line profiles are based on the Bernoulli
equailon and can be expressed as:

Vlz 22
Eg— + Yl -+ SOL = E + Y2 + SfL + hminor (41)

The various terms used in equation 4.1 are identified in Figure 4.3. Minor losses have
been included in the Bernoulli equation because of their importance in calculating
hydraulic grade line profiles.

The general procedure for the hydraulic calculations is to establish the downstream
control elevation. From there the hydraulic calculations proceed upstream from point
of interest to point of interest. For example, from one junction to another junction or
from a junction to the beginning of a bend. At the lower end of each point of interest the
pipe friction losses from the downstream section are added to the downstream hydraulic
grade line. The losses through the point of interest are added at the upstream end of the
point of interest. The procedures for calculating the various losses encountered in a
storm drain system are presented in Section 4.3.3. Figure 4.4 may be used to assist in
the accounting and computing of the losses. As depicted, Y, and Y, include the pressure
components since they are above the soffit.

i \\“‘\\ Energy Gradse Line

vieg e

S,L+h

mina

Viii2g

t—————» j - ‘(-—b
P

A
P

Figure 4.3

Definition of Terms Used in Storm Drain Hydraulic Calculations
(Los Angeles County Flond Control District, 1982)
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Figure 4.4
Hydraulic Grade Line Calculation Sheet

Average Energy ' Hydraulic
lovert Size/ Araa Q v Vg 5 5, Length h h, h, h, Cther | Total. { Grade line | Grads Line
Stalion Eelv, Type it} (hs) (Vs) i {fwh) (tn )] in ifi} (fly () {Losses | 1osses | Elevalion | Elevalion Commenls
:

n - Manning’s roughness coefficient

Q - rate of flow, ft'fs

V- velocity, It/s

2gnt
¥

V/2g - velocily head, #

§, - friction slope, il

h; - head loss due 1o fTriction, ft

h, - head losss due 10 a bend, fu

h; - head loss due tw a junction, i
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4.3.3

Storm Drains

Equation 4.2 is a simplification of a more complex equation and is a convenient method
for locating the approximate point where pressure flow may become unsealed is derived
by substituting specific energy (E) for the quantity V¥/2g + Y in Equation 4.1 and
rearranging the results. For §; use the average friction slope between the two points of
interest.

L--%*"1 (4.2)

Head 1.osses

The head losses that need to be determined are: friction, transition, junction, manhole,
and bend. These losses need to be determined individually and then added together to
determine the overall head loss for each segment of the storm drain. The methods for
determining the various head losses presented in this section were selected for their wide
acceptance and ease of use.

4.3.3.1 Friction Loss: Friction losses for closed conduits carrying storm water,
including pump station discharge lines, will be calculated from Manning's equation or
a derivation thereof. The Manning's equation is commonly expressed as foliows:

1.486 2
Q== ARS8 (4.3)
using,
2gn?
K- (44

and the continuity equation with V=0Q/A, the equation for determing the pipe friction
slope can be expressed as,

VZ

S, = K-
zngll’a

/ (4.5}

The value of K is dependent only upon the roughness coefficient (n) for the pipe. The
Manning’s n values for various pipe materials are given in Table 4.1.
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The loss of head due to friction throughout the fength of reach (L) is calculated by:
(4.6)

h, = SJ..L

4.3.3.2 Transition Losses: Figure 4.5 shows the two types of transitions that can be
+ sencountered. The head toss-duetosthe-expansionof-flowds expressed as:- .. - ~ -«

v: v}
! 2 for V,>V, (4.7

h, -k -2
; g(zg 2¢

for gradual enfargements are given in Table

y Day

The values for the transition coefficient, k
4.2, For sudden enlargements use Table 4.3.

The head loss due to the contraction-of flow is expressed as:

ho=k (= - 1) for V, > V, (4.8)
2g  2g

Values for the transition loss coefficient, k_, for contractions can be found in Table 4.4

A
z
2 1
u.; [ g
\ o
-
D
B) Expansion

A) Contraction

Figure 4.5
Transition Loss
{ASCE, 1992)
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Storm Drains

Table 4.2

Coefficient k, for Gradual Enlargement
(AISI, 1980)

Angle of Cone, 0

D./D, 2 4° 6" 8° 10" | 15° | 20° | 25° | 30* | 35" | 40" | 45° | 50" | 60°

11 o1 | o0 on |02 ) 03] 05| g0 03| 06 | a8 | .19 | 20 | 21 | .23

1.2 02002 02 030409 16 | 21 | 25 | 29 | 31| 33 | 35 [ .37

1.4 02 .03 [ 03 4| 06 | 12 | 23 ) 30 | 36 | 41 | 44 | 4T | 50 | .53

1.6 A3 (.03 | 04 ) 05 | 07 | 14 | 26 | 35 | 42 | 47 | 5] 54 | .57 | .61

| 1.8 03y .04 04 | 05| 07 | .15 | .28 ) 37} 44 | 50 | 54| 58 | .61 .65

2.0 03 | 04| 04| 05| 07| 16 | 29 | 38 | 46 | 52| 56 | .60 | .63 .68

2.5 03 [ .04 | 04 | 05 | 081 16 | 30 [ 39 | 48 | 54 ) 58 | .62 | 65 70

3.0 03 ) 04 [ 04| 05 | 08 [ 16| 31 | 40 | 4B [ .55 | 59 | 63 | 66 | 71

o 03 | 04 [ 05 | 06 | .08 [ 16 | 31 | 40 | 49 | 56 | 60 | 64 | 67 | 72

Table 4.3

Coefficient k, for Sudden Enlargement
(AISI, 1980}

Velocity, V,, ft/s

D./D, 2 3 4 5 6 7 8 10 12 15 20 30 40

1.2 11 10 10 10 10 10 A0 .09 09 09 09 .09 .08 |

1.4 26 .20 25 24 24 24 .24 23 23 .22 22 21 .20

1.6 40 39 38 37 .37 36 .36 35 35 34 33 32 32

1.8 51 49 48 A7 47 46 46 45 44 43 42 41 40

2.0 .60 58 50 55 55 54 53 52 52 51 S0 48 A7

23 74 72 70 .69 .68 .67 .66 63 .64 .63 .62 .60 S8

3.0 .83 .80 8 A 76 5 74 73 72 70 .69 67 .65

4.0 92 89 .87 .85 .84 .83 82 .80 79 .78 76 A4 72

3.0 96 93 91 .89 .88 87 .86 .84 83 82 .80 a7 15

10.0 | 1.00 | .99 96 95 .53 92 9] .89 .88 86 B4 82 .80

o 1.00 | 1.00 | .98 96 85 .94 93 91 90 88 .86 .83 .81
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Table 4.4

Coefficient for Contraction, k_
(AIS, 1980)

Velocity, V,, ft/s

D, /D, 2 3 4 5 6 7 8 10 12 15 20 30 40

wlol 3] 04 ) 04 ) D] sl D 04| 504 |04 04 05 W05 060
1.2 .07 07 .07 07 .07 07 .07 .08 08 .08 09 d0 | 1l
1.4 A7 A7 17 17 17 17 17 18 18 18 18 19 20
1.6 26 26 .26 26 26 26 26 .26 26 25 25 25 24
1.8 .34 34 34 34 34 34 .33 33 32 32 | .31 26 | 27
2.0 38 .38 37 1 37 37 37 .36 .36 .35 34 | 33 31 29
2.2 40 A0 A0 3% ) .39 39 .39 .38 37 37 .35 33 .30
2.5 42 42 42 41 41 4l A0 | 40 39 38 37 34 31
3.0 44 44 44 43 43 43 42 42 Al 40 | 39 36 | .33
4.0 47 46 46 46 45 A5 A5 44 43 42 | A4l 37 .34
5.0 48 A8 A7 47 A7 46 46 45 A5 A4 42 38 | 35

10.0 49 A48 48 A48 A8 47 47 46 A6 45 43 A0 | .36 |
o 49 49 A48 48 A8 A7 47 47 46 A5 A4 41 .38

4.3.3.3 Junction and Manhole Losses: A junction occurs where one or more lateral
enters the main storm drain, usually at a manhole. Multiple pipes coming together at a
junction should flow together smoothly to avoid high head losses. Figure 4.6 shows a
typical junction

The head loss due to the junction for a single lateral can be expressed as:

(A +4) _ @ O O

cosO (4.9a)
2 Ag Ajg Asg

(h; +D; - D,)

And for the situation of multiple laterals:

(A +4;) Q0 0 QycosB,  Qfcosh,
2 A,g Ag A8 Asg

(h; + D, - D,) (4.9b)
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Storm Drains

~ Q.
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,/v f“]\‘\
/ ] -‘ \\
N,

Q,, V,

-
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BRI
e

Figure 4.6
Junction Loss

Manhole with a Bend: The head loss in a manhole with a bend is determined using
equation 4.10. The bead loss coefficient, k,, can be determined using Figure 4.7.

By = ky— (4.10)

Straight-Through Manhole: In a straight-through manhole where there is no change
in pipe size, or rate of flow, the loss can be estimated by:

-
(%)

= 0.05 — (4.11)
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4.3.3.4 Bend Loss: For bends that occur outside of a manhole the additional loss due
to the bend is calculated using equation 4.12.

V2
hy, =k, (—) (4.12)
2g

= The-value of the-benddoss:coefficient 7k, ;»*depends wpon-the -angle-and sharpnessiof the

4.3.4

4.4

bend and can be determined from Figure 4.7 for values of & not exceeding 90 degrees.
Where « is the central angle of the bend in degrees.

Bend losses should be included for all closed conduits, those flowing partially full as
well as those flowing full,

Computer Programs

There are many computer programs available to help in the design of storm drain
systems. These programs may use different methods to determine the various losses than
those presented in this chapter. Therefore, the designer of the storm drain system should
check with the governing municipality before using a particular program.

Design Requirements for Maintenance and Access

4.4.1

Manholes
4.4.1.1 Spacing:

Conduit diameter 30 inches or smaller: Manholes shall be spaced at intervals of
approximately 300 feet. Where the proposed conduit is less than 30 inches in diameter
and the horizontal alignment has numerous bends or angle points, the manhole spacing
will be reduced to 200 feet, or less.

Conduit diameter larger than 30 inches but smaller than 48 inches: Manholes shall
be spaced at intervals of approximately 400 feet.

Conduit diameter 48 inches or larger: Manholes shall be spaced at intervals of
approximately 500 feet.

The spacing requirements shown above apply regardless of design velocities. Deviations from
the above criteria shall be subject to approval from the appropriate governing municipality.

4-18
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Bend Loss Coefficient
{(University of Missouri, 1958)
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4.4.1.2 Location: In situations where the proposed conduit is to be aligned both in
easement and in street right of way, manholes should be located in street right of way,
wherever possible. Manholes shall not be located in intersections except for access to
a junction structure.

Manholes shall be located as close to changes in the grade as feasible when the
following conditions exist:

. - Ahenstheupstream vonduit:-has a-steeper-siope than-the dewnstream-
conduit and the change in grade is greater than 10 percent, because
sediment tends to deposit at the point where the change in grade occurs.

b. Where a transition to a smaller downstream conduit occurs due to an
abruptly steeper slope downstream, since debris tends to accumulate at
the point of transition,

4.4.1.3 Design: Manholes shall be designed io minimize head losses as much as
possible. For systems flowing full with a velocity of 20 fi/s or greater, or with
supercritical flow in a partially full pipe, the total horizontal angle of divergence or
convergence between the walls of the manhale and its center line should not exceed 10°,

4.4.1.4 Pressure Manheles: A pressure manhole shaft and a pressure frame and cover
shall be installed in a pipe or box storm drain whenever the design water surface is
higher than, or within 6 inches of the top of the manhole cover. In cases where the flow
in the storm drain could exceed the design Q, and the water surface for the higher Q
could produce a water surface above the top of the manhole cover, a pressure manhole
shaft and a pressure frame and cover must be installed.

4.4.2 Inlets/Outlets

4.4.2.1 Inlets into Main Line Drains: Lateral pipe entering a main line pipe storm
drain generally shall be connected radially. Lateral pipe eniering a main line box
structure shall conform to the following:

a. Lateral pipe 24 inches or less in diameter shall be no more than five feet
above the invert,

b. Lateral pipe 27 inches or larger in diameter shall be no more than 18
inches above the invert, with the exception that catch basin connector
pipe less than 50 feet in length may be no more than five feet above the
invert.

Exceptions to the above requirements may be permitted where it can be shown that the
cost of bringing laterals into a main line box conduit in conformance with the above
requirements would be excessive.
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Storm Drains

4.4.2.2 Inlet Structuves: in general the interception of flow from a natural watercourse
directly into a storm drain system must be avoided. If avoiding this situation isn’t
possible, then an inlet structure must be provided and strong consideration has to be
given to the use of a debris or sediment basin. The inlet structure should generally
consist of a headwall, wingwalls to protect the adjacent banks from erosion, and a paved
inlet apron. Wall heights should conform to the height of the water upstream of the inlet,
and be adequate to protect both the fill over the drain and the embankments. Headwall
and wingwall fencing and the District’s Standard protection barrier or trash rack must

- »be:providedito prevent publiccentry. Fhetrashrack-should:-be used-fordnlets 48-inches- - - =

(diameter or width) and smaller. For inlets larger than 48-inches a special designed trash
rack may be required. Section 5.3 provides more details on entrances and outlets for
storm drains. See Sections 5.2.2.13 and 6.3.2.4 for more information on safety and
fencing.

4.4.2.3 Outlet Siructures: When a storm drain outlets into a natural channe!, an outlet
structure must be provided which prevents erosion and property damage. Velocity of
flow at the outlet should agree as closely as possible with the existing channel velocity.
Fencing and a protection barrier should be provided.

a. When the discharge velocity is low, or subcritical, the outlet structure
shall consist of a headwall, wingwalls, and an apron. The apron may
consist of a concrete slab, or grouted rock.

b. ‘When the discharge velocity is high. or supercritical, the designer shall,
in addition, consider bank protection in the vicinity of the outlet and an
energy dissipator structure.

Sections 5.3 and 7.4 have more information on enfrances and outlets for storm drains.

4.4.2.4 Protection Barriers and Trash Racks: A protection barrier is a means of
preventing people and animals from entering storm drains. Protection barriers may
consist of large, heavy breakaway gates, single horizontal bars across catch basin
openings, or chain link fencing around an inlet or an exposed outlet. See section 5.2.2.11
for more information on trash racks.

Rational Method for Sizing Storm Drain Systems

This section provides a method of estimating the flows needed to size a storm drain
system using the Rational Equation, () = CIA, as it is defined in Volume I of the
Drainage Design Manual (see also steps 8 through 11). The time of concentration (T.),
for the storm drain system at the location of each catch basin must be calculated a
minimum of two ways. The time of concentration for the above ground portion of flow
must be determined, as well as the time of concentration for flow through the storm
drain system. It should be stressed that the Rational Method was originally developed
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to estimate runoff from small areas and that the peak generated by the Rational
Method cannot be hydrologically routed.

The designer should proceed with the final bydraulic design of the system only after:

The preliminary minor system design is completed and checked for its
interaction with the major runoff;

. =Reviews arssmadeefalternatives; - -

Hydrological assumptions are verified; and

Final data is obtained on street grades, elevations, and potentially conflicting
utilities.

The following paragraphs provide an outline of the Storm Drain System - Preliminary
Design Data Form, Figure 4.8, which was created to help the designer estimate flows
for storm drain sizing. This form is for the average situation and variations will often be
necessary to fit actual field conditions.

I

Location of Design Point: Determine design point location and list. This
design point should correspond to the subbasin illustrated on the preliminary
layout map.

Basins: List basins contributing runoff to this point which have not previously
been analyzed.

Length, fi: Enter length of flow path between previous design point and
design point under consideration.

Inlet Time, minutes: Determine the inlet time in minutes for the particular
design point. For the first design point on & system, the inlet time will be equal
to the ime of concentration. For subsequent design points, inlet time should
also be tabulated to determine if it may be of longer duration than the
accumulated time of concentration from upstream basins. If the inlet time
exceeds the time of concentration from the upstream basin, and the area
tributary to the inlet is of sufficient magnitude, the longer inlet time should be
substituted for time of concentration and used for this and subsequent basins.

Street Flow Time, minutes: Enter the appropriate flow time between the
previous design point and the design point under consideration. The flow time
of the street should be used if a significant portion of the flow from the above
basin is carried in the street.

Pipe Flow Time, minutes: Pipe flow time should generally be used unless
there is significant carry-over from the above basins in the street (column
3/(column 22)(60)).
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10.

12,

14.

15.

16.

17,

18.

Storm Drains

Time of Concentration, minutes: The time of concentration is cither for the
above ground portion of flow to the inlet time, or the summation of the
previous design point’s time of concentration and the intervening flow time,
whichever produces the greater peak discharge.

Coefficient ""C'": Rational Method Runoff Coefficient, "C," from the
Drainage Design Manual for Maricopa County, Volume 1, Hydrology (FCD
1992, Table 3.2), for the basins listed in Column 2 should be determined and

= listed, The #Cvalué showld be “veighted-if the Basins-contain-areas with - =

different "C" values.

Intensity "1'" inches/hour: The intensity to be applied to the basins is
obtaincd from the time-intensity-frequency curve developed for the specific
area based upon the depth-duration-frequency curves in Drainage Design
Manual for Maricopa County Volume [ Hydrology. The intensity is
determined from the time of concentration as described in item number 7, and
the design frequency for this particular design point.

Area, ""A,"" acre: The area of the basins (in acres) listed in Column 2 is
tabulated here. Subtract ponding areas which do not contribute to direct runoff
such as rooftop and parking lot ponding areas.

. Direct Runoff "(Q," ¢fs: Direct runoff from the tributary basins listed in

Column 2 is calculated and tabulated here by multiplying Columns 8, 9, and
10 together.

Other Runoff, cfs: Runoff from other sources, such as controlled releases
from rooftops, parking lots, base flows from groundwater, and any other
source, is listed here. List the bypass discharge, if any, with a "-" in front.
Summation Runoff, cfs: The total of runoff from the previous design point
summation plus the incremental runoff listed in Columns {1 and 12 is listed
here.

Street Slope, percent: The proposed street slope is listed 1n this column.
Street Allowable Capacity, cfs: The allowable capacity for the street is listed
in this colunm. Allowable capacities should be calculated in accordance with
procedures set forth in Section 3.2,

Pipe Slope, percent: List the proposed pipe grade.

Pipe Size, inches: List the required pipe size to convey the quantity of flow
necessary in the pipe.

Pipe Capacity, cfs: List the capacity of the pipe flowing tull with the slope
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19.

20.

2L

22.

23.

expressed in Column 16.
Street Design, cfs: Tabulate the quantity of flow to be carried in the street.

Street Velocity, fps: List the actual velocity of flow for the volume of runoff
to be carried in the street.

Pipe Devlgn, cfs List the quant1ty of ﬂow determmed to be camed in the plpe
Pipe Velocity, fps: Tabulate the actual velocity of flow in the pipe for deswn

Remarks: Include any remarks or comments which may affect or explain the
design. The allowable quantity of carry-over across the street intersections
should often be listed for the minor design storm. When routing the major
storm through the system, required elevations for adjacent buildings can often
be listed in this column.

4-24
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Culverts and Bridges

5.1 Definition of Symbols

The following symbols will be used in equations throughout Chapter 5.

D
|

==
P
il

o

O R
i

il

[+

[T an
0l

L
=
I

9]
FES
T

T T
-
g
I

it n

i

=2

= m

T T T T m o,
I

<
1l

2

-

it

oo o
[ -
I n

7
|

Angle of bar grate with respect to the horizontal, degrees
Angle between outfall and lateral at a junction, degrees
Density of tluid

Critical tractive shear stress, 1b/ft?

Angle of approach, degrees

Area of the barrel, ft*

Embankment overtopping discharge coefficient

Critical depth, ft

Diameter of a rock particle for which 50% of the gradation is finer by

weight (other percentages may also be used)

Pipe culvert diameter or box culvert depth, ft

Discharge intensity

Invert elevation at the outlet, ft

Outlet control headwater elevation, ft

Froude number

Acceleration due to gravity, 32.2 ft/s?

Sum of inlet loss, friction loss, and velocity head in a culvert, ft
Head loss through a bend of a culvert, ft

Head loss through a trash rack, ft

Head loss through a junction, ft

Head loss due to turning flow at a headwall, ft

Velocity head, ft

Depth from inlet invert to upstream total energy grade line, ft
Flow depth above the roadway, ft

Height of hydraulic grade line above outlet invert, ft

Depth of scour, ft

Height of tailwater above crown of submerged road, 1t

Bend loss coefficient
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5.2

el elalielalie
I

=  Entrance loss coefficient
Dimensionless bar shape factor
Submergence factor
Actual length of culvert, ft
Adjusted culvert length, ft
Length of apron, ft
Length of roadway crest along the roadway, ft
Length of scour, ft
liengthief scour basin, ft- -
Length of overflow sections along embankment, ft
Manning's n value
Desired Manning's n value
Plasticity index
Rate of flow, cfs
Rate of flow overtopping roadway, cfs
Modified shear number (pV?/t,)
Saturated shear strength, Ib/in?
Tailwater depth measured from culvert outlet invert, ft
Time in minutes
=  Base time used in experiments to derive scour coefficients a, 3, and 8, use
316 minutes unless specified otherwise
= Velocity, fi/s
= Approach velocity, fi/s
Velocity between the bars of a trash rack, {t/s
Volume of scour, ft
Width of apron, ft
‘Width of scour, ft
Maximum cross-sectional width of the bars facing the flow, ft
Minimum clear spacing between bars, ft
Change in hydraulic grade line through the junction, ft
Equivalent depth, ft
= Depth of scour, ft
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Culverts

The charts and procedures for culvert design used in this manual are taken from the
Federal Highway Administration Hydraulic Design Series Number 3, Hydraulic Design
of Highway Culverts. Culvert designers use this reference liberally as it is the result of
years of research and experience in culvert design and at this time represents the state
of the art.
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5.2.1 Interaction of Culverts with Other Systems

Culverts are primarily used for conveying runoff through a roadway embankment. They
are normally aligned with a natural wash or drainage channel, which are often outfalls
fcr storm drainage systems. Culverts are typically associated with drains on such a scale
where bridges are not feasible. Regional drains are generally of a magnitude that
justifies the use of bridges.

3.2.2 Culvert Design Criteria

5.2.2.1 Sizing:

Culverts for collector and arterial streets are to be designed to convey at least the 50-
year peak discharge with no flow crossing over the roadway.

5.2.2.2 Minimum Velocity: A minimum velocity of 3.0 feet per second at design
capacity is recommended to assure a self-cleaning condition during partial depth flow.

5.2.2.3 Maximum Velocity: As a practical limit, outlet velocities should be kept below
15 feet per second unless special conditions exist. The maximum velocity should be
consistent with channel stability requirements at the culvert outlet. As outlet velocities
increase, the need for channel stabilization at the culvert outlet increases. If culvert
outlet velocities exceed permissible velocities for the outlet channel lining material,
suitable outlet protection must be provided. Outlet velocities may exceed permissible
downstream channel velocities by up to 10 percent without providing outlet protection
if the culvert tailwater depth is greater than the culvert critical depth of flow under
design flow conditions. Tables 6.1, 6.2 and 6.3 (pages 6-11, 6-12, and 6-15) outline the
permissible velocities for several channel lining materials.

5.2.2.4 Materials: The selection of a culvert material may depend upon structural
strength, hydraulic roughness, durability, and corrosion and abrasion resistance. The
three most common culvert materials are concrete (reinforced and nonreinforced),
corrugated aluminum, and corrugated steel. Culverts may also be lined with other
materials to inhibit corrosion and abrasion. Linings are not recommended to reduce
hydraulic resistance because culvert linings have a short life span and are seldom
reapplied as part of normal culvert maintenance. When linings are applied, the culvert
sizing should neglect the reduced roughness from the lining material.

5.2.2,5 Minimum Cover: Minimum cover of fill over culverts must be provided to
maintain the structural integrity of the pipe under anticipated loading conditions. Culvert
manufacturers provide minimom cover requirements for prefabricated pipe. A rule of
thumb for estimating minimum cover requirements is to provide one-eighth of the barrel
diameter or span, with a minimum of 1 foot. The top of culverts should not extend into
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the roadway subgrade. Minimum cover should be measured from the top of subgrade
which is the bottom of the pavement structural section.

5.2.2.6 Depth for Road Crossing:

Culverts for collector and arterial streets are to be designed to convey at least the
50-year peak discharge with no flow crossing over the roadway. Additionally, the
flow depth over the roadway shall be limited to 0.5 feet for the 100-year peak
discharge. - ' o '

Regardless of the size of the culvert, street crossings shall be designed to convey the
100-year storm mnoff under and/or over the road to an area downstream of the crossing
to which the flow would have gone in the absence of the street crossing. Flows up to and
including the 100-year frequency event should not cause increased flooding to adjacent
property or buildings, unless a drainage easement is acquired for those areas. The
ponded headwater elevation should be delineated on a contour map, or other surveying
methods used to identify the area inundated by the ponded water.

In general, dip sections are not allowed. However, for flows crossing broad shallow
washes where the construction of a culvert is not practical or desirable, the road may be
dipped to allow the entire flow to cross the road. Use of dip sections must be approved
by the governing municipality, The pavement through the dip section should have a one
way slope parallel to tlow and curbs and medians must not be raised. Upstream and
downstream cutoff walls and aprons should be provided to minimize headcutting and
erosion.

5.2.2.7 Scour and Sedimentation:

Possible aggradation or degradation at culvert crossings must be examined in the
design of culverts.

An adequate system of culvert design involves passing drainage water and sediment
from the upstream regime condition of the channel crossing without upsetting the
delicate balance between hydraulics and sediment transport flow.

The effects of scour and deposition should be minimized by protecting the outlet from
scour with suitable outlet protection measures and reducing sedimentation problems by
avoiding inlets depressed below the natural channel flowline and multi-barrel
installations that reduce the channel velacity for low flows. Culverts which are located
on and aligned with the natural channel are less susceptible to sedimentation problems.

5.2.2.8 Skewed Channels: A good culvert design is one that limits the hydraulic and
environmental stress placed on the existing natural water course. This stress can be
minimized by designing a culvert which closely conforms to the natural stream in
alignment, grade, and width.
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Often the cuivert barrel must be skewed with respect to the roadway centerline to
accomplish these goals. Alterations to the normal inlet alignment are also quite
common.

The alignment of a cuivert barrel with respect to a line normal to the roadway centerline
is referred to as the barrel skew angle. A culvert aligned normal to the roadwav
centerline has a zero barrel skew angle. Directions (right or left) must accompany the
barrel skew angle (Figure 5.1).

The barrel skew is established from the stream location and the proposed or existing
roadway plan. The advantages of using a natural stream alignment include a reduction
of entrance losses, equal depths of scour at the footings, less sedimentation in
multibarrel culverts, and less excavation. The disadvantage of this design procedure is
that the inlet may be skewed with respect to the culvert barrel and the culvert will be
longer, sometimes resulting in increased initial costs.

The angle from the culvert face to a line normal to the culvert barrel is referred to as the
inlet skew angie (Figure 5.2). The structural integrity of circular sections is
compromised when the inletis skewed due to loss of a portion of the full circular section
where a portion of the culvert barrel extends beyond the {ull section. Although concrete
headwalls help stabilize the pipe section, structural considerations should not be
overlooked in the design of skewed inlets.

Culverts which have a barrel skew angle often have an inlet skew angle as well. This is
because headwalls are generally constructed parallel to a roadway centerline to avoid
warping of the embankment fill.
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Figure 5.1
Barrel Skew Angle
(USDOT, FHWA, HDS-5, 1985)
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BARREL SKEW ANGLE

Figure 5.2

Inlet Skew Angle
(USDOT, FEW A, HDS-5, 1985)

In cases where the culvert barrel cannot be aligned with the channel tlowline, such as
when runoff is directed parallel to the roadway embankment to a suitable crossing
location, the flow enters the culvert barrel at an angle. The approach angle should be
limited to a maximum of 90 degrees. When high velocities exist, inlet losses resulting
from tumning the flow into the culvert should be considered. If backwater computations
are not employed and the approach channel velocity is 6 feet per second or greater, the
following equation should be used to estimate the loss. The loss should be added to the
other inlet losses in the culvert design computation. if they aren't included in the
appropriate nomographs.

2

H, - (=%)sina (5.1)
2g

Typical headwall/wingwall configurations for skewed channels are shown in Figure 5.3,

5.2.2.9 Bends: A straight culvert alignment is desirable to avoid clogging, increased
construction costs, and reduced hydraulic efficiency. However, site conditions may
dictate a change of alignment, either in plan or in profile. When considering a nonlinear

5-6
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FLOW NORMAL TG EMEBANKMENT

FLOW SKEWED TO EMBANKMENT

FLOW FPARALLEL 7O EMBANKMENT

FLOW AND CULVERT SKEWED
TO EMEANKMENT

Figure 5.3
Typical Headwall/Wingwall Configurations
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ouUTC ROPPING

P
P

Figure 5.4
"Broken Back" Culvert
(USDOT, FHW A, HDS-5, 1985)

culvert alignment, particular attention should be given to erosion, sedimentation, and
debris control. Vertical bends are permitted when they transition from a flatter to a
steeper slope, but should not transjtion from steeper to flatter slopes because of the
potential for sediment deposition in the flatter reach.

In designing a nonlinear culvert, the energy losses due 1o the bends must be considered.
If the culvert operates in inlet control, no increase in headwater occurs unless the bend
losses cause the culvert to flow under outlet control. If the culvert operates in outlet
control, an increase in energy losses and headwater will result due to the bend tosses.
To minimize these losses, the culvert should be curved or have bends not exceeding 15
degrees at intervals of not less than 50 feet. Under these conditions, bend losses can be
ignored.

If these conditions cannot be met, analysis of bend losses is required. Bend losses are
a function of the velocity head in the culvert barrel. To calculate bend losses, use the
following equation:
\% 2
H -K —— (5.2)
"2g

H, is added to the other outlet losses. Figure 4.6 (page 4-17) can be used to determine
loss coefficients (K,) for bend losses in conduits flowing full.

The broken back culvert, shown in Figure 5.4, has four possible control sections: the
inlet, the outlet, and the two bends.

5-8
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The upstrearn bend may act as a control section, with the flow passing through critical
depth just upstream of the bend. In this case, the upstream section of the cuivert operates
in outlet control and the downstream: section operates in inlet control. Qutlet control
calculation procedures can be applied ta the upstream barrel, assuming critical depth at
the bend, to ohtain a headwater elevation. This elevation is then compared with the inlet
and outlet conirol headwater elevations for the overall culvert. The controlling flow
condition produces the highest headwater elevation. Control at the lower bend is very
unlikely and that possible couirel section can be ignored except for the bend losses in

"~ agutlet contrel.

5.2.2.10 Junctions: Flow from two or more separate culverts or storm sewers may be
combined at a junction into a single culvert barrel. For example, a tributary and a main
stream intersecting at a roadway crossing can be accommodated by a culvert junction
{Figure 5.5).

Loss of head may be important in the hydraulic design of a culvert containing a junction.
Attention should be given to streamlining the junction to minimize turbulence and head
loss. Also, timing of peak flows from the two branches should be considered in
analyzing flow conditions -and control. When possible, the tributary flow should be
released downstream of the culvert barrel. When this is not practical, the following
procedure should be used to estimate the losses.

For a culvert baitel operating in outlet control and flowing full, the junction loss is

calculated using the equations given below. The loss is then added to the other outlet
control losses.

vlgHv2 (53)

MAIN
STREAM

Figure 5.5
Culvert Junction
(USDOT, FHWA, HDS-5, 1685)
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The formula for v is based on momentum considerations and is as follows:

o Q,V,-0,V,-0Q,V,cos0,
O.S(Al +A2)g

Y (5.4)

The subscripts 1. 2, and 3 refer to the outlet pipe, the upstream pipe, and the lateral pipe

“respectively. S S b e wg L awds b e

5.2.2.11: Trash Racks: For trash racks with approach velocities less than 3 fps, it is not
necessary to include a loss for the trash rack; however, for velocities greater than 3 fps,
such computations are required.

Trash racks can promote debris buildup and the subsequent reduction of hydraulic
performance. Thorough anaylsis of this potential should be undertaken prior to their use.
Depending on the anticipated volume and size of the debris an open area between the
bars of 1.5 to 3.0 times the area of the culvert entrance should be provided.

2 2
15 Ve ~ Vil
2g

H, -

Trash rack losses are a function of velocity, bar thickness, bar spacing, and orientation
of the flow entering the rack, the latter condition being an important factor. Trash racks
with bars oriented horizontally are not permitted, and horizontal bars used to support
vertically oriented bars should be as small as practical and kept to the minimum required
to meet structural requirements,

The expected loss from a trash rack is greatly affected by the approach angle. The loss
computed by Equation 5.5 should be multiplied by the appropriate value from Table 5.1,
when the approach channel and culvert are at an angle to each other.

Table 5.1
Loss Factors for Approach Angle Skewed to Entrance
Approach Angle, degrees Loss Factor
0 1.0
20 1.7
40 3.0
60 6.0

5-10
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5.2.2.12 Flotation and Anchorage: Flotation is the term used to describe the failure of
a culvert due to the uplift forces caused by buoyancy. The buoyant {orce is produced
from a combination of high head on the outside of the inlet and the large region of low
pressure on the inside of the inlet caused by flow separation. As a result, a large bending
moment is exerted on the end of the culvert. This problem has been noted in the case of
culverts under high head, with shallow cover, on steep slopes. and with projecting inlets.
The phenomenon can also be caused by debris blocking the culvert end or by damage

- to theinlet.» Theresulting mpliftanay causethe inlet ends-of the barrel to riserand bend. - .

Occasionally, the uplift force is great enough to dislodge the embankment. Generally,
flexible barrel materials are more vulnerable to failure of this type because of their light
weight and lack of resistance to longitudinal bending. Large, projecting, or mitered
corrugated metal culverts are the most susceptible.

A number of precautions can be taken by the designer to guard against flotation. Steep
slopes (1 to 1 or steeper) of adequate height, which are protected against erosion by
slope paving or head walls, help inlet and outlet stability. When embankment fill heights
are less than 1.5 times the pipe diameter or fill slopes are flatter than 1 to 1, flexible pipe
installations should be provided with concrete headwalls for dead load, and rigid pipe
installations susceptible to separation at the joints should be protected with tie bars.
Limiting headwater buildup also helps prevent flotation. It is desirable to limit design
headwater depths to 1.5 times the culvert height.

5.2.2.13 Safety: The issue of safety includes the following principals:

1. Stormwater naturally accumulates, frequently in amounts that present hazards
to property, traffic, and life and health.

2. Becanse of the accumulation of stormwater, certain levels of hazards cannot be
eliminated.

3. Stormwater {requently carries substantial amounts of debris that can threaten the
hydraulic capacity of drainage facilities.

4. Devices placed on drainage facilities to restrict access by pedestrians will also
restrict hydraulic capacity.

5. Multipurpose uses of many conduits are desirable, may provide safer day to day
conditions, and require relatively easy pedestrian access to drainage works in
order to be effectively used (trash racks would preclude this use).

During design, culvert entrances may require additional consideration for safety and for
debris transported by stormwaters. Frequently, trash collection devices are also used as
safety devices. The need for trash collection or safety devices should be determined
during planning and betore the design of drainage facilities. 1t is rare that cost-effective
trash collectors can be retroactively added without a reduction of intended system design
capacity. In any case, it is not a good policy for a failure of protection devices for
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humans to result in more proverty damage or greater hazards to traffic than would have
happened if the protection devices were not used.

Safety devices can be divided into two types (U.S. Bureau of Reclamation):
Category I - Devices that Limit or Deter Access

* Fencing

° Guard raiis

*  Warning signs

» Pipe safety barriers
Category II - Devices that Permit Escape

= Safety nets

» Safety cables

» Safety racks

» Safety ladders
An important distinction between these two categories is that Category 1I, Safety
Devices, may also impede the flow of stormwater into or through drainage facilities.
There are three categories of safety to consider:

1. Life and Health

2. Traffic

3. Property

Primary safety issues are life and health safety; however, protection of traffic and
property are also concerns. Life and health hazards are classified according to Table 5.2.

From Table 5.2, all of the Phoenix Metropolitan Area would be categorized by classes
A, B, or'C. Considering growth potential, there are probably few areas of the county that
a classification of less than class B should be considered. Safety for drainage facilities
should be considered for both dry weather and runoff conditions. Dry weather hazards
include traffic and personal safety. Examples of traffic hazards include: improper
placement of guard rails on structures: unprotected drops at structures located near
roads; and grading which promotes vehicle rollovers.
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Table 5.2

Classification of Hazard Exposures
(U.S. Bureau of Reclamation)

Hazard R
Nearby Activities
Class
CUAC Y Waterways “adjacent - to§chools vand “recreational -areas, “such as 1 -
playgrounds, subject to frequent visits by children.
B Waterways nearby or adjacent to urban areas or highways and subject to
frequent visits by the public.
C Waterways nearby or adjacent to farms or highways which could be
subject to visits by children seeking recreation.
D Waterways far removed from any dwelling, subject to infrequent visits
by operating personnel and an occasional sportsmen,
E Waterways that would be a hazard to domesticated animals,
F Waterways that would be an extreme hazard to big game animals.

During large storm events, people will sometimes walk or play in water that can carry
them to drainage structures which are dangerous during flood conditions. Or, worse,
purposely boat or float in drainage facilities during high runoff levels with the same
results. [t is not possible to develop drainage facilities that are totally safe, that will
preclude people from doing unintelligent acts, and that will also be hydraulically
efficient. These objectives are, for the most part, mutually exclusive. However,
reasonable levels of protection can be provided to people exercising reasonable
judgement even when the structure is performing its primary function, i.e., efficiently
passing storm water.

The basic concept of this proposed approach to safety is to apply more restrictive
measures as hazards increase. The primary purpose for constructing drainage facilities
is the efficient conveyance of stormwater to minimize property damage and to permit
traffic flow across and parallel to dratnages; therefore, safety in this context will refer
to protection from life and health hazards.
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When any of the following conditions are met, trash racks will be reguired on the
entrances to all conduits in areas of Class A or B hazard as determined from Table
5.2

»  When a conduit outfalls into a channel with side slopes steeper than
4(H):1(V) for concrete, grass and earth linings, and 3(H):1(V) for riprap

linings.

»  Conduits smaller than 7 feet in diameter, longer than 100 feet in length, or
without 12-inches of freeboard at the design flow rate.

»  Conduits with energy dissipators at the end.
»  Conduits being used as outlets from multiple-use detention facilities.

»  Conduits with sufficient bend that the opposite end cannot be clearly seen.

—_

A plugging factor of 50 percent will be used on all trash racks.

Conditions that will cause trash racks to be used on outlets include:
1. Storm sewers, and

2. Pipes smaller than 7 feet in diameter that flow into recreation areas that are
not designed for pedestrian vse.

Flap gates can be considered for substitution for trash racks on conduit outlets when it
can be shown that sedimentation will not prevent the flap gate from opening or that the
design of the outlet structure will reduce downstream sedimentation that would prevent
the flap gate from opening.

In instances where open channels connect conduits that meet the geometric and hazard
requirements previously listed, Category I safety devices are required to restrict access
to the general public along the entire reach of that channel. An example is a concrete
lined channel with 1:1 side slopes in a Class B hazard, where the channel connects to
culverts and the lower culvert has an energy dissipator at its outlet.

Some additional conditions to consider are:

*  New development must meet predetermined standards that control flooding.
Design for safety should not compromise those standards.
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« Drainage works in existing areas will often not meet the standards for flooding
that is required of new development; however, where possible, the generally
agreed level of protection against flooding should be attained without
compromise for life and health safety.

5.2.2.14 Inlets: Culvert inlets are used to transition the flow from a ponded condition
upstream of the culvert into the culvert barrel. Losses caused by the inlets have been
studied extensively for several types of inlets. The inlet control nomographs in Section
- oHiddegivedhe required hreadwater:-depth-to:pass-the-design-discharge ‘through several
types of culvert entrances. The hydraulic capacity of a culvert may be improved by
appropriate inlet selection. Since the natural channel is usually wider than the culvert
barrel, the culvert inlet edge represents a flow contraction and may be the primary flow
control. The provision of a more gradual flow transition will lessen the energy loss and
thus create a more hydraulically efficient inlet condition. Design charts for improved
inlets are contained in Hydraulic Design of Highway Culverts (USDOT, FHWA, HDS
No. §, September 1985). It should be noted that improving culvert inlets will canse the
greatest increase in culvert capacity when the culvert is operating in inlet control.

The hydraulic performance of culverts operating in inlet-control can be improved by
changing the inlet geometry of the headwall. Improvements include bevel-edged,
side-tapered, and slope-tapered inlets. The advantage of these improvements is to
convert an inlet control culvert closer to outlet control by using more of the barrel
capacity.

A beveled-edge provides a decrease in flow contraction losses at the inlet and the
entrance loss coefficient, K, is reduced from 0.5 to 0.2, which can increase the culvert
capacity by as much as 20 percent. Bevels are required on all culverts with headwalls
and should be constructed as shown in Figure 5.6.

Side-tapered inlets have an enlarged face area accomplished by tapering sidewalls as
shown on Figure 5.7, It provides an increase in flow capacity of 25 to 40 percent over
square-edged inlets. There are two types of control sections for side-tapered inlets: face
and throat control. The advantages of side-tapered inlet under throat control are: reduced
flow contraction at the throat and increased head at the throat control section.

Slope-tapered inlets provide additional head at the throat section as shown on Figure
5.8. This type of inlet can have over 100 percent greater capacity than a conventional
culvert with square edges. The degree of increased capacity depends upon the drop
between the face and the throat section. Both the face and the throat are possible control
sections. The inlet face should be designed with a greater capacity than the throat to
insure flow control at the throat. More of the potential capacity of the culvert can then
be insured.

The inlet control nomographs contained in Section 5.2.4 do not apply to the condition
when drop inlets are used with or without grates. The turbulence cansed by the flow
dripping into the inlet box canses additional losses that are not accounted for in the inlet
nomographs. The use of drop inlets is discouraged in culvert applications because of the
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Figure 5.6

Inlet Bevel Detail
{USDOT, FHWA, HDS-5, 1985)

Face Section

,/

+

]

' 3
AT

Bevel
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Figure 5.7

Side Tapered Inlet
(USDGT, FHWA, HDS-5, 1985)

,Face Section

Bavel
{Cptional)

Elevation

Figure 5.8

Slope Tapered Inlet
(USDOT, FHWA, HDS-3, 1985)
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danger of plugging from sediment and plugging of grated inlets from debris.

Prefabricated steel inlet end sections (Figure 5.9) are available for corrugated steel pipe
that perform about as well as a square-edged headwall inlet with an entrance loss
coefficient of ().5.

{|. When there Js.a potential for, inlet.uplift. failure or injet damage from other sources, |
concrete headwalls are required on culvert installations unless it can be shown that
these dangers do not exist.

In some cases metal end sections such as the one shown in Figure 5.9 may be allowed.

Figure 5.9
Prefabricated Culvert End Section
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5.2.3

4| governing agency.

5.2.2.15 Outlets: The receiving channel at culvert outlets must be protected from the
high culvert outlet velocities caused by the flow constriction that is inherent in culvert
operation. If the culvert outlet velocity is greater than the allowable velocity for the
receiving channel lining material, protective measures must be provided.

Projecting culvert outlets are not permitted unless approved by the appropriate

The minimum requirement is to provide a preformed metal or concrete end section or
a headwall with or without a wingwall configuration with a cutoff wall provided at the
end of the apron. Culvert outlet designs are presented in Section 5.3, Energy dissipation
structures are presented in Chapter 7.

Design Procedures

5.2.3.1 Culvert Design Method: This design method provides a convenient and
organized procedure for designing culverts, considering inlet and outlet control. While
it is possible to follow the design method without an understanding of culvert
hydraulics, this is not recommended.

The first step in the design process is to summarize all known data for the culvert at the
top of the Culvert Design Form (Figure 5.10). This information will have been collected
or calculated prior to performing the actual culvert design. The next step is to select a
preliminary culvert material, shape, size and entrance type. The user then enters the
design flow rate and proceeds with the inlet control calculations.

Inlet Control: The inlet control calculations determine the headwater elevation required
to pass the design flow through the selected culvert configuration if the culvert is
operating in inlet control. The inlet control nomographs of Section 5.2.4. are vsed in the
design process. For the following discussion, refer to the schematic inlet control
nomograph shown in Figure 5.11.

1. Locate the selected culvert size (point 1) and flow rate (point 2) on the
appropriate scales of the inlet control nomograph. (Note that for box culverts,
the flow rate per foot of barrel width is used.)

2. Using a straightedge, extend a straight line from the culvert size (point 1)
through the flow rate (point 2) and mark a point on the first headwater/culvert
height (HW/D) scale (point 3). The first HW/D scale is also a turning line.

(o8]

If another HW/D scale is required, extend a horizontal line from the first HW/D
scale (the turning line) to the desired scale and read the result.
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Figure 5.11

Inlet Control Nomograph (Schematic)
(USDOT, FHWA, HDS-3, [985)
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4. Multiply HW/D by the culvert height, D, to obtain the required headwaier (HW)
trom the invert of the control section to the energy grade line. HW equals the
required headwater depth {(HW, ). If trash racks are used, add trash rack lusses
to HW..

= Gutlet«@ontrof: The -outlet -control «calculations “result <in ithe. -headwater elevation
required to convey the design discharge through the selected culvert if the culvert is
operating in outlet control. The critical depth charts and outlet control nomographs of
Section 5.2.4 are used in the design process. For illustration, refer to the schematic
critical depth chart and outlet control nomograph shown in Figures 5.12 and 5.13,
respectively.

i. Determine the tailwater depth above the outlet invert (TW} at the design flow
rate. This is obtained from backwater or normal depth calculations of the
downstream channel, or from field observations. Field observations are
important in-determining tailwater depths. The area downstream of the culvert
should be examined for features that may create backwater effects, i.e., channel
control, another culvert, etc. If such featares are found, appropriate backwater
analysis techniques should be employed to determine the tailwater depth. When
culverts are in series, the headwater elevation from the downstream culvert
should be checked to make sure that it doesn't back up water affecting the outlet
conditions of the upstream culvert.

2. Enter the appropriate critical depth chart (Figure 5.12) with the flow rate and
read the critical depth (d.). If the computed d_ is greater than D, use D for critical
depth. d. cannot exceed the top of the culvert.

(Note: The d_ curves are truncated for convenience when they converge. If an
accurate d, 1s required for d, >> 0.9D. consult the Handbook of Hydraulics by
Brater and King, or other hydraulic references.)

3. Calculate (d_+ D)2

4. Determine the depth from the culvert outlet invert to the hydraulic grade line

(h,).

h, = TW or (d +D}/2, whichever is larger (5.6)

Lh

From Table 3.3 (page 5-32) obtain the appropriate entrance loss coefficient, K.
for the culvert inlet configuration.
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Critical Depth, d,

[@5]
>

1

—

200 400 800 8OO 1000
Flow Rate, Q
Figure 5.12

Critical Depth Chart (Schematic)
(USDOT, FHWA, HDS-5, 1985)

Determine the losses through the culvert barrel, H, using the outlet control

nomograph (Figure 5.13) or appropriate equations if outside the range of the
nomograph.

a) If the Manning's n value given in the outlet control nomograph is different

than the Manning's n for the culvert, adjust the culvert length using the
formula:

H
L, = L{—1)? (5.7)

Then use L, rather than the actual culvert length when using the outlet
control nomograph.
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F) Using a straightedge, connect the culvert size (point 1) with the culvert
length on the appropriate K, scale (point 2). This defines a point on the
turning line {point 3),

c) Again using the straightedge, extend a line from the discharge (point 4)
through the point on the turning line (point 3) to the Head Loss (H) scale.
Read H, which is the energy loss through the culvert, including entrance,
mction, and outlet losses.

d} All other applicable losses should be added to H.

7. Calculate the required outlet control headwater elevation.
EL, =EL,+H~+h, {5.8)

where EL. is the inveit elevation at the outlet.

8. If the outlet control headwater elevation exceeds the design headwater elevation,
a new culvert configuration must be selected and the process repeated.
Generally, an enlarged barrel will be necessary since inlet improvements are of
limited benefit in outlet control.

Evaluation of Results: Compare the headwater elevations calculated for inlet and outlet
control. The higher of the two is designated the controlling headwater elevation. The
culvert can be expected to operate with that higher headwater for at least part of the
iime,

The outlet velocity is calculated as foltows:
1. If the controlling headwater is based on inlet control, determine the normal
depth and velocity in the culvert barrel. The velocity at normal depth is assumed
to be the outlet velocity (Figure 5.14). Normal depth for circular and rectangular

culverts can be found using Figure 5.19 {page 3-33).

2. I the controlling headwater is in outlet control, determine the area of flow at the
outlet based on the barrel geometry (see Figure 5.15) and the following:

ay Critical depth, if the tailwater is below critical depth.

b The tailwater depth if the tailwater is between critical depth and the top of
the barrel.

¢} The height of the barrel if the tailwater is above the top of the barrel.

Repeat the design process until an acceptable culvert configuration is determined. Once
the barrel is selected it must be fitted into the roadway cross section. The culvert barrel
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QOutlet Control Nomograph (Schematic)
(USDOT, FHWA, HDS-3, 1985)
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Figure 5.14
Outlet Velocity - Inlet Control
(USDOT, FHWA, HDS-3, 1985}
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must have adequate cover, the length should be close to the approximate length, and the
headwalls and wingwalls must be dimensioned.

If outlet control governs and the headwater depth (referenced to the inlet invert) is less
than 1.2D, it is possible that the barrel flows partly full through its entire length. In this
case, caution should be used in applying the approximate method of setting the
downstream elevation based on the greater of tailwater or (d, + D)/2. If an accurate
headwater is necessary, backwater calculations should be used to check the result from

« twtheapproximate-method -{f the headwaterdepth talls below 0.75D ~the approximate

method should not be used.

If the selected culvert will not fit the site, return to the culvert design process and select
another culvert. If neither tapered inlets nor flow routing are to be applied, document the
design. Culvert design shall include a performance curve which displays culvert
behavior over a range of discharges. Development of performance curves is presented
in Section 5.2.3.3 and example problem number 4 in Section 5.2.5.4 (page 5-60)
contains a performance curve calculation.

5.2.3.2 Special Culvert Conditions:

Storage Routing: A significant storage capacity behind a highway embankment
attenuates a flood hydrograph. Because of the reduction of the peak discharge associated
with this attenuation, the required capacity of the culvert, and its size, may be reduced
considerably in some cases. The reduced size may well justify some increase in the
hydrologic design effort.

All reservoir routing procedures require three basic data inputs: 1) an inflow
hydrograph; 2) an elevation versus storage relationship; and 3) an elevation versus
discharge relationship. A complete inflow hydrograph. not just the peak discharge, must
be generated. Elevation, ofter denoted as stage, is the parameter which relates storage
to discharge providing the key to the storage routing solution.

Elevation versus storage data can be obtained from a topographic map of the culvert site.
The area enveloped by each contour line is plammetered and recorded. The average area
between each set of contour lines is obtained and multiplied by the contour interval to
find the incremental volume. These incremental volumes are added together to find the
accumulated volume at each elevation. These data can then be plotted, as stage versus
storage.

Elevation versus discharge data can be computed from culvert data and the roadway
geometry as described elsewhere in this section. Discharge values for the selected
culvert and overtopping flows are tabulated with reference to elevation. The combined
discharge is utilized in the formulation of a performance curve.

Despite the consideration of storage routing, the selection of an appropriate culvert size
for a given set of hydrologic and site conditions is the design objective, However, in
order to perform the storage routing calculations, a culvert must first be selected.
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Storege routing calenlations will then be required to verify the selected size. Hydraulic
Design of Highway Culveris (USDOT, FHWA, HDS No. 5, 1985), contains a proceduse
to aid In selecting an Injtial culvert size based on an estimated peak discharge achieved
frown storage routing.

The storage-indication method of ficod routing is used to establish the outflow

hydrograph and attenuated peak discharge resulting from the embankment storage.

Section 8.8 describes the apphcatlon of the storage-indication method and contalns a
—feodrouting example, : C :

Culverts With Drop Inlets: When culverts have drop inlets, normal culvert design
noinographs are not applicable. The water falling into the catch basin causes significant
turbulence and energy losses. For this condition the analysis for a storm drain inlet
should be used.

Detention Basin Outlets: Culverts are frequently used for detention basin outlet
structures. The culvert design methods presented in this section can be used to develop
the stage-discharge relationship for these structures. If the detention basin discharges
into a storm drain system, procedures from Section 4.2 should be used to establish the
hydraulic grade line for that storm drain to check for outlet control.

5.2.3.3 Performance Curves: Performance curves are representations of flow rate
versus headwater depth or elevation for a culvert. Because a culvert has several possible
control sections (inlet, outlet, throat), a given installation will have a performance curve
tor each control section and one for roadway overtopping. The overall culvert
performance curve is made up of the controlling portions of the individual performance
curves for each control section.

Inlet Control: The inlet control performance curves are developed using the inlet
control nomographs of Section 5.2.4. The headwaters corresponding to the series of flow
rates are deteninined and then plotted. The transition zone 1s inherent in the nomographs.

Outlet Control: The outlet control performance curves are developed using the outlet
control nomographs of Section 5.2.4. Flows bracketing the design flow are selected. For
these flows, the total losses through the barrel are calculated or read from the outlet
control nomographs. The losses are added to the elevation of the hydraulic grade line
at the culvert outlet to obtain the headwater.

1f backwater calculations are performed beginning at the downstream end of the culvert,
friction losses are accounted for in the calculations. Adding the inlet loss to the energy
grade line in the barrel at the inlet results in the headwater elevation for each flow rate.
An example of development of a performance curve is contained in Section 5.2.5.4.

Roadway Overtopping: A performance curve showing the culvert flow as well as the
flow across the roadway is a useful analysis tool. Rather than using a trial and error
procedure to determine the flow division between the overtopping flow and the culvert
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Figure 5.10

Culvert Performance Curve with Roadway Overtopping
(USDOT, FHWA, HDS-5, 1985)

flow, an overall performance curve can be developed. The performance curve depicts
the sum of the flow through the culvert and the flow across the roadway.

The overall performance curve can be determined by performing the following steps:

1.

Select a range of flow rates and determine the corresponding headwater
elevations for the culvert flow alone. These flow rates should fall above and
below the design discharge and cover the entire flow range of interest. Both inlet
and outlet control headwaters should be calculated. It is recommended that the
2-, 10-, and 50-year flow rates be used for developing the performance curve
below the headwater depth where roadway overtopping begins.
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!\J

Combine the iniet and outlef control performance curves to define a single
performance curve for the culvert.

3. When the culvert headwater elevations exceed the roadway crest elevation,
overtopping will begin. Calculate the equivalent upstream water surface depth
above the roadway (crest of weir) for each selected flow rate. Use these water
surface depths and Equation 5.9 to calculate flow rates across the roadway.

oy sAddithe culvent flow.andsthe roadway overtoppingflow-at the ‘correspouding
headwater elevations to obtain the overall culvert performance curve.

Using the combined culvert performance curve, it is an easy matter to determine the
headwater elevation for any flow rate, or to visualize the performance of the culvert
installation over a range of flow rates. When roadway overtopping begins, the rate of
lieadwater increase will flatten severely. The headwater will rise very slowly from that
point on. Figure 5.16 depicts an overall culvert performance curve with roadway
overtopping. Example problem number 4 in Section 5.2.5 illustrates the development
of an overall culvert performance curve. The 100-year discharge should be identified on
the performance curve and the corresponding depth of flow over the roadway.

The Federal Highway Administration's computer program, HYSE, can be used in the
development of performance curves. The U.S. Army Corps of Engineers HEC-2 and
HEC-RAS computer programs are also capable of analyzing culverts.

5.2.3.4 Roadway Overtopping: Roadway overtopping will begin as the headwater rises
to the elevation of the lowest point of the roadway. This type of flow is similar to flow
over a broad crested weir. The length of the weir can be taken as the horizontal length
across the roadway. The flow across the roadway is calculated from the broad crested
welr equation:

Q,=KCL(HW )" (5.9)

The charts in Figure 5.17 indicate how to evaluvate the correction factors K, and C,.

If the elevation of the roadway crest varies, for instance where the crest 1s defined by a
roadway sag vertical curve, the vertical curve can be approximated as a series of
horizontal segments. The flow over each is calculated separately and the total flow
across the roadway is the sum of the incremental flows for each segment (Figure 5.18).

The total flow across the roadway then equals the sum of the roadway overflow plus the
culvert flow. A performance curve must be plotted including both culvert flow and road
overflow. The headwater depth for a specific discharge, such as the 100 year discharge
can then be read from the curve. Design examnple 4 in Section 5.2.5 illustrates this
procedure.
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Discharge Coefficient and Submergence

Factor for Roadway Overtopping
(USDOT, FHWA, HDS-5. 1983)
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Figure 5.18
Weir Crest Length Determinations for Roadway Overtopping
{(USDOT, FHWA, HDS-5, 1985)

The Culvert Design Form (Figure 5.10, page 5-19) has been formulated to guide the user
through the design process. Summary blocks are provided at the top of the form for the
project description, and the designer's identification. Summaries of hydrologic data of
the form are also included. At the top right is a small sketch of the culvert with blanks
for inserting important dimensions and elevations.

The central portion of the design form contains lines for inserting the trial culvert
description and calculating the inlet control and outlet control headwater elevations.
Space is provided at the lower center for comments and at the lower right for a
description of the culvert barrel selected. The design chart should be completely filled
out, including consideration of inlet and outlet control.

Table 5.3 and Figures 5.19 through 5 38 should facilitate completion of the Culvert
Design Form.
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Table 5.3
Entrance Loss Coefficients

QOutlet Control, Full or Partly Full Entrance Head Loss

(USDOT, FHWA, HDS-5, 1985)

Type of Structure and Design of Entrance Coefficient, K,
Pipe, Concrete
Projecting from fill, socket end (grove-end) 02
" Projecting from fill, square cut end 0.5

Headwall or headwall and wingwalls

Socket end of pipe (grave-end) 0.2

Square-edge 0.5

Rounded (radius = 1/12 D) 0.2
Mitered ta conform to fill slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7° or 457 bevels 0.2
Side-or slope-tapered inlet 0.2

_i"‘ipe, or Pipe-Arch, Corrogated Metal
Projecting from fill (no headwall) 0.9
Headwall or headwall and wingwalls square-edge 0.5
Mitered to conform to fill slope, paved or unpaved slope 0.7
End-Section conforming to fill slope 0.5
Beveled edges, 33.7" or 45" bevels 02
Side- or slope-tapered inlet 0.2
Box, Reinforced Concrete

Headwall parallel to embankment (no wingwalls)

Square-edged on 3 edges 0.5

Rounded on 3 edges to radius of 1/12 barrel dimension, or beveled on sides 02
Wingwalls at 30” to 75° to barrel

Square-edged at crown 0.4

Crown edge rounded to radius of [/12 barrel dimension, or beveled top edge 0.2
Wingwalls at 10° to 25° to barrel

Square-edged at crown 0.5
Wingwalls parallel {extension of sides)

Square-edged at crown 0.7
Side- or slope-tapered inlet 0.2

!;n
a2
2
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Headwater Depth for Oval Concrete Pipe Culverts
Long Axis Vertical with Inlet Control
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Critical Depth for an Oval Concrete Pipe - Long Axis Horizontal
(USDOT, FHWA, HDS-3, 1985)
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Critical Depth for an Oval Concrete Pipe - Long Axis Vertical
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Critical Depth for Standard C.M. Pipe - Arch
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2.5 Diesion Examples

-
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et A ity Sk, o Rt A T

towing example problems are from HDS-5 (USDOT, FHW A, 1985) and
R D

or selected culvert configurations and

The fol
iltastrate the use of the design methods and chats 1
aydraulic conditions. The problerns cover the foliowing situations:

Circular pipe culvert, standard 2-2/3 by 1/2 inch (6.8 by 1.3 cm)
CMP with beveled edge or reinforced concrete pipe with groove

end, No FALL.

roblem MNo. i

Reinforced cast-in-place conciete box culvert with square edges

Problem No. 2-
and with bevels. No FALL.

Elliptical pipe culvert with groove end and 2 FALL

-

Problem No. 3

Roadway overtopping calculations and performance
=3

FiN

Probiem No.
development.

curve

thy
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5.2.5.1 Example Problem No. 1: A culvert at a new roadway crossing must be designed
tc pass the 25-year flood. Hydrologic analysis indicates a peak flow rate of 200 cfs. Use
the following site information:

»  Elevation of stream bed at Culvert Face: 100 ft
- o Natural StreamnBed:Slope:+1-percent-= 0.0 1-ft/ft

»  Tailwater for 25-Year Flood: 3.5 ft

»  Approximate Culveri Length: 200 ft

= Shoulder Elevatien: 110 £t
Design a circular pipe culvert for this site. Consider the use of a corrugated metal pipe
with standard 2-2/3 by 1/2 inch-corrugations and beveled edges and:concrete pipe with
a groove end. Base the design headwater on the shoulder elevation with a 2-foot

freeboard (elevation 108.0 ft). Set the inlat invert at the natural streambed elevation (no
FALL).

Figure 5.39 represents a compieted Culvert Design Form for this example.

Note: Figures 5.20, 5.22, 5.23, 5.24, and Table 5.3 were used in this example.

3-54 January 28, 1996



9661 ‘ST AaBuULf

§&-

1

Figure 3.24%

[ixampie Problem No. I Culvert Design Form
(USDOT, FRW A, LS 5, 1985}

CHAPTER T HDS No. 5
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5.2.5.2 Example Problem No. 2: A new culvert at a roadway crossing is required to
pass a S0-year flow rate of 300 cfs. Use the following site conditions:

»

»

EL,: 110 ft based on adjacent structures

Shpulder Elevation: 113.5 ft

Elevationkof Streambéd at Culvert Face (E’Lsf): 100 ft
Natural Stream Slope: 2 percent

Tailwater Depth: 4.0 ft

Approximate Culvert Length: 250 it

Design a reinforced-concrete’ box culvert forthis instalation. Try both square edges and
45 degree beveled edges in a headwall. Do not depress the inlet (no FALL).

Figure 5.40 represents a completed Culvert Design form for Problem No. 2.

Note: Figures 53.26, 5.28, 5.29, 5.30, and Table 5.3 are used in this solution.
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Figure 3.40
Example Problem No. 2 Culvert Design Form
(USDOT, FHWA, HDS-5, 1985) -
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5.2.5.3 Example Problem No. 3: Design a culvert to pass a 25-year flow of 180 cfs.
Minimum depth of cover for this culvert is 2 feet.

» EL,,: 105 ft based on adjacent structures

»  Shoulder Elevation: 105.5 ft

» Elevati(;n of Streambed at éulv%t F'ace (ELsf): “1 06 ft;
»  Original Stream Slope: 5 percent

»  Tailwater Depth: 4 ft

»  Approximate Culvert Length: 150 ft

Due to the low available coverover the conduit, use a horizontal elliptical concrete pipe.
Use of a small depression (FALL) of about 1 ft at the inlet is acceptable.

Refer to 5.41 for a completed Culvert Design Form for this problem.
Note: Figures 5.31, 5.33, 5.35, and Table 5.3 are used in this solution.

Use of FALL in streams carrying a heavy sediment load is not recommended.
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Figure .44
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5.2.5.4 Example Problem No. 4: Develop a performance curve for the installation in
Figure 5.42 below, including roadway overtopping up to 0.5 feet above the roadway.
Use the following dimensions:

Tailwater Channel:

Flowels |, Wt
50 101.8

100 102.6
150 103.1
200 103.5
250 103.8
300 104.2
350 104.4

Figure 5.43 represents a completed Culvert Design Form for this problem. Figure 5.44
provides the performance curve and roadway overtopping computations.

—-— 20f0 WIDE PAVED CROSSING

107 <
o 0l0)
Bl 10U ,--,\\>)-:93:;;;,.\;;,:/‘;%\;/‘;,:\/1’
L = 120" \
2—48" CMP CULVERTS
WITH METAL END—SECTIONS
30ft LONG, n=.024
SLOPE = 0.0007 ft/ft
Figure 5.42
Example Problem No. 4

Readway Overtopping and Performance Curve Development
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Figure S .43

Example Probleimn No. 4 Culvert Design Form

PROJECT . EXC!MPIE' STATION .Aug).__.. CULVERT DESIGN FORM
' : NER/DATE:  =oF  , -'7-2!
ﬁ;m{u)m\/ OVEﬂ!"c 0P1h9*—%)\£prmahCe Ceawrv® SHEET ! OF - DESIGNER /DATE — -
/ /17 REVIEWER / DATE : /
HYDROLOGICAL DATA . an ROADWAY ELEVATION :__ (I
'vj O wmetHoo: -
4
» [0 DRAINAGE AREA: DO staeam swee: - 0098 — -
§ [} cHanmeL shape: Traf’egof'cj : I"‘T—
[
% O nourtine: O orner: i“'
DESIGHN FLOWS/TAILWATER —
R.1. {YEARS) FLO Wicls) Tw (1) Sem 5 - FALL/L L-—E‘_u:ﬁﬂ'qg (1
S= _LQM_.
Lu=_L’
CULVERT DESCRIPTION: TOTAL | FLOW HEADWATER CALCULATIONS _,-E:ES .
- FLOW | PER E2 -
MATERIAL - SHAPE - SIZE - ENTRANCE JanmEL 'NLET CONTROL OUTLET CONTROL k] W COMMENIS
o] qa/H {Hw;/0 W, {FaLL EL hi TW ¢ de1 D | by Ny H ELp, |Z3¥ (52
tefol b oy 4 t2 (3! (41 {a} N 7| (s) (1} g |oTu|e>
CHMP ~Liveular 48 - avd cect |50 |25 |-52 |2.08] — |oZ.08 1.8 | .5 |2.75[2.15|2-5 |0.22 }/63.0
oD |50 |.78 {312 | — jig3.2] 2.6 |2.] |305]3.05 0.0 {1036
150 |75 1.0314.12 | — |/o412] 3.1 |2.6b[3.20[330 135 {io4.b
q00|ic0|[.30]5.20| — |ios2el 3,5 |2,0(3.50( 250 2 401059
2601261, 63652 | — |iw.%2{3.8 | 3.4 [31003.80| ¥ |2.75[w7.5
TECHNICAL FOOTNOTES: 14) ELpi= HWr ELj{INVERT OF 6] by TW ar [+ 072} WHICHEVER 15 GREATER }

{1} USE G/HB FQR BOX CULVERTS
(2) HW| /D> H¥ /O OR HW /D FROM DESIGN CHARTS

I3} FALL = W) —{EL pgq- EL, 3, FALL \S ZERD
FOR OAVERTS (N GRADE

INLET CONTROL SECTION}

(5) Tw BASED OH COWHN STREAM
CONTROL OR FLOW DEPTH M
CHAHNEL,

(1} H-E0 het 12902 L) Jn'-“:lv-z/h

{8) ELp,  EL 1 Hu by

SUBSCRIPT DEFINITIONS |

COMMENTS / DISCUSSIQN |

0. APPROXIMATE
I. CULYERT FACE

he.
LI
ha,
I
€.

DESION HEADWATER
HEADWATER {H INLET CONTROL
HEAOWATER IN QUTLET CONTROL
IMLET CONTROL, SECTION

OQUTLET

si. STREAMHED AT CULVERT FALE

1y,

JA[LWATER

L

\q\JI' L2 5 ?.S

Wsed Scale (1) of Foe 52 for inlet control GomFs,
“go'r Ou.’t]@t C.CJM%’TU hﬁ-a.d

CULVERT BARREL SELECTED :

SITE:

SHAPE: .~

MATERIAL .

ENTRAHGE _ -

$I8p1ayg pue 51240
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s T With Overtopping

—~ 106 4

5

':C 105 4

;L:j

m 104 -+

o

= 103 4

<

=

< 102 +

-] _

_ 107 =+

100 } i } i t } } .|
O 50 100 150 200 25 300 350 400
FLOW RATE (cfs)
Qo = KC L {HW))"*

var C r Kt I|_S Q,-J Qpipe th.?O\

.25 2.98 1 120 44, 7cfs +244 = 289
0.50 3.0z 1 120 128.1cfs + 250 = 3/8

Figure 5.44
Performance Curve and Roadway Qvertopping Computations
(Example Problem No. 4)
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Entrances and Outlets for Culverts and Storm Drains

5

3.

2

This section provides guidelines for design of culvert type inlets and outlets to closed
conduit systems. Runoff entering and exiting closed conduits may require transitions
into and out of the conduit to minimize entrance losses and protect adjacent property and
drainage facilities from possible erosion. Pavement drainage inlets that allow runoff to
drop into catch basins are discussed in Section 3.3 and are not addressed here.

Interaction with Other tems

Closed conduit inlets and outlets provide transitions from a ponded or channelized
condition upstream into the closed conduit and then back to a channelized condition
downstream. Additional channel bank protection may be required in the vicinity of the
inlet cr outlet to complete the transition to the design velocity and flow depth of the
receiving channel. A drop structure may be located upstream or downstream from the
closed conduit and should be incorporated into the design. The design of inlets and
outlets should take into account all conditions in the upstream and downstream direction
to the location where the inlet, outlet, and closed conduit have no effect on predesign
flow conditions.

When an open channel, detention or retention basin drains into a storm drain system,
culvert type inlets are frequently used. The storm drain hydraulic grade line must be
considered when 2stimating the inlet capacity for culvert type inlets. The storm drain
hydraulic grade line at the inlet, with the appropriate entrance loss added, should be
substituted for the outlet control headwater elevation normally used for outlet control
computations. To determine the controlling headwater, the computed outlet control
headwater elevation should be compared with the inlet control headwater elevation
obtained from the standard inlet control nomograph.

Special Criteria for Closed Conduits

5.3.2.1 Bank Protection: Roadway embankments with culverts passing through them
should be protected from potential damage caused by roadway overtopping during a
runoff event in excess of the culvert design capacity. When a planned flow over the road
has damage potential, such as when the 100-year discharge causes flow over the
roadway, the embankment for both upstream and downstream sides should be protected
by paving, grouted riprap, or other means of permanent stabilization.

5.3.2.2 Entrance Structures and Transitions: Criteria for culvert entrances are
contained in Section 5.2.2.13. The same criteria apply to culvert type entrances for storm
drains. Design considerations include aligning the culvert with the natural channel
profile, protection against inlet failure due to buoyant forces, and safety considerations
for the public.
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Culvert performance can be improved by providing a smooth and gradual transition at
the entrance. Improved inlet designs have been developed for culverts operating in inlet
control and are presented in Section 5.2.2.

Supercritical flow transitions at inlets require special design consideration. For design
of supercritical flow contractions, refer to Hydraulic Design of Energy Dissipators for
Culverts and Channels (USDOT, FHWA, HEC-14, 1983).

08823 Qutlet-Structures: Standardameasures forssoour-protection at-eonduit-outlets-. -

include cutoff walls, wingwalls with aprons, and grouted or ungrouted riprap. These
measures should be used as appropriate to ensure that the velocity entering the receiving
channel is within the allowable range of velocities for the channel outlet condition.
Outlet conditions are classified as follows:

p—
.

Natural channel outlets where the existing natural channel is modified only to
transition to and from the culvert.

2

. Artificial channel outlets where the culvert i1s part of an overall drainage plan
and discharges-into an improved, artificial channel.

3. Side channel outlets where a conduit drains into a larger receiving channel from
the side at some angle of confluence,

It is not always desirable to totally restrict the movement of natural channels at the
culvert outlet. Limited downstream scour and channe] movement may be allowed in
some cases. Due to the nature of artificial channel and side channel outlets, scour and
bed movement should not be permitied. The following criteria shall be used in
determining the type of outlet protection required based on the outlet condition.

Natural Channel Outlets: Natural channel outlet protection is based on the ratio of the
culvert outlet velocity to the average natural stream velocity.

1. Culverts with outlet velocities less than or equal to 1.3 times the average natural
stream velocity for the design discharge shall require a cutoff wall as a minimum
for protection. Design criteria for cutoff walls are presented below.

2. Where the outlet velocity is greater than 1.3 times the natural stream velocity,
but less than 2.5 times, a riprap apron should be provided. Design procedures for
riprap aprons are in Section 5.3.3.2.

30

When outlet velocities exceed 2.5 times the natural stream velocity, an energy
dissipator should be provided. Several energy dissipators are described in
Chapter 7.

Artificial Channel and Side Channel Outlets: Artificial channel and side channel outlet
protection is based on the ratio of the culvert outlet velocity to the allowable velocity
for the channel lining material. Outlet discharge must be transitioned to limit the
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velocity o the allowable. Allowable velocities [or several channel lining materiais are
shown it Tables 6.1, 6.2 and 6.3.

1. Conduits with outlet velociry less than or equal to the allowable require no outlet
orotection,

2. Conduits with outlet velocity greater than one and less than 2.5 times the
allowable velocity must be provided with a riprap, concrete, or other suitable
apron toransitienthewelocityothesallowable channelvelocity. . :

o
i

3. When outlet velocities exceed 2.5 times the allowable channel velocity, an
energy dissipator should be provided. Several energy dissipators are described
in Chapter 7.

Cretaff Wealls: A cutoif wall placed at the culvert outlet in a natural stream provides
adequate protection downstream when the scour will not be excessive, or where the
development of a scour hole will not undermine nearby structures so that it is practical
1o allow Jocalized scour.

The following criteria applicable to cutoff walls is based on the computed scour hole
geometry, The procedure for determining the scour hole geometry is presented in
Section 5.3.3.1.

1. The depth of the cutoff wall shall be equal 1o the maximum depth of scour.

2. The width of the cutoff wall shall be a minimum of one-third the maximumn:
scour width.

3. The depth of the cutoff wall should not normally exceed six feet. Where a deeper
wall is necessary to meet the above criteria, either another form of protection
should be employed or an analysis will be required to substantiate the walls
structural stability.

5.3.2.4 Safety: Inlets and outlets to closed conduits may present dangers to the public
when access is not controlled. Refer to Section 5.2.2.12 for the safety requirements
related to conduit inlets and outlets. '

Estimating Erosion at Culvert Qutlets

5.3.3.1 Scour Hole Geometry: The objective of this section is to present a method for
estimating the amount of erosion at an unprotected culvert (or storm drain) outlet based
on soil and flow data and culvert geometry. This section has been adapted from the
Hydraulic Design of Energy Dissipators for Culverts and Channels (USDOT, FHWA,
HEC-14, 1983).
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The scour hole geometry varies with tailwater conditions with the maximum scour
geometry occurring at tailwater depths less than half the culvert diameter with the
maximum depth of scour (h,) occurring at a location approximately 0.4 L, downstream
of the culvert outlet, where 1, is the length of scour.

Empirical equations defining the relationship between the culvert discharge intensity
(defined on page 5-71), time, and the length. width, depth, and volume of scour hole are
+-presented:for-the maximum ~er-extreme: scour -case: ‘The dimenstoniess-seour-hole
geometry is shown in Figure 5.45.

Cohesionless Material: The general expression for determining scour geometry in a
cohesionless soil for a circular pipe flowing full is:

0

. . ; P R WA R
Dimensionless Scour Geometry = o TS 5,2) (ta) (5.10)

The values for the coefficients e,, B, and 6, can be found in Table 5.4.

For noncircular or partly full culverts, the diameter D can be replaced by an equivalent
depth, v,

y, = (A/2)12 (5.11)

A is the cross sectional area of flow. Modifying Equation 5.10 to include the equivalent
depth results in the general expression:

Dimensionless Scour Geometry = o, ( . . (5.12)

where:

¢, = €0.632PY  for B, W, and L (5.13)

a, = 60.632F3  for v (5.14)

e
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Dimensionfess Canteriine Profile

£ T ~~ Original Ground Line
i Flow ——
|
—_— O % = = F
0.2 - 2’
: N ) PR
0.4 AN : SRS Mt
hg \ ‘ L - //
hsM 06 L \ . - (/,
08l D I . //
1.2 !
1.0 0.3 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0
Ls
Lem

Dimensionless Cross Section at 0.4 Lg,

Culvert, G

/— Criginal Ground Line

0.0 N . : Pl
0.4 \\ —~ = // N
hs 06 \\ -~ v /’ —
ey 08 \ 3 LJ/
1.0 — et
1.2
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0
Ws
Wam
Lagend:
hg = Depth of scour Ls = Langth of scour
hgy = Maximum depth of scour Lgy = Maximum length of scour
Wy = Width of scour — Maximum Tailwater
Woy = Maximum width of scour == === Minimum Tailwater
Figure 5.45

Dimensionless Scour Hole Geometry
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Table 5.4

Experimental Coefticients for Culvert Qutlet Scour
(USDOT, FHWA, HEC- 14, 1983)

Nominal
Graln Scour Depth, hg Widih, Wy ' Length, Lg Volume, Vg
Slze dsq, | Equation \ -

Materlal mm | (below) o B 9 g o B 9 (g o B 0 % | o B 0 g
Unitarm Sand 0.20 V-1orv-2 272 0375 | 0.0 279 11.73 | 092 015 6.44 1682 | 0.71 ¢.125 { 11.75-| 203.36 20 .375 | 80.71
tUniform Sand 20 V-iorv-2 1 1.86 0.45 0,09 1.76 844 | 057 0.06 6.94 1828 § 051 .17 16.10 | 101.48 1.4 0.34 79.62
Graded Sand 20 ViorV2 | 122 083 0.07 0.75 7.25 1 076 0.06 478 1277 | 041 0.04 1262 .| 3817 2.09 019 12684
Lniform Gravel 8.0 V-lorV-2 | 178 0.45 0.04 1.68 813 4 082 0.08 7.08 1436 | 095 0.12 761, 8591 1.86 0.19 i2.15
&ded Gravel 8.0 V-iorv2 | 1.49 0.50 0.03 133 876 | 0.88 0.10 497 13.03 | 082 0.07 10.15l' 423 228 017 282
Cohesive Sandy 0.15 V-TorV-2 1.86 0.57 0.10 153 863 | 035 0.47 9.14 1530 | 043 0,09 14.78 | 79.73 142 0.23 61.84
Clay : :

60% Sand P115 .
Clay Pl 5-16 Varigus | V-3orV-4 | 0.86 018 @10 137 ass | 0.17 0.07 563 282 | 033 0.09 4.48:._ 062 093 0.23 248
Equations _
V-i.  For Circular Culvetls. Cohaslonless material or the 0.15mm cohesive sandy clay: V-3, For Circular Culverls. Cohesive sandy clay with Pl = 5-16;
hg W Vs 6 , i
h—Sﬁl_ﬁor—s=oﬂ 9 L hs Ws Ls Vs \J’aﬁle
1 3 1 .L
D'D’D 3 -.52 1\ g —, = =L | = a -
D Ng D D'D D' 3 % | Mo
wherelo = 316 min. vihaie ly = 316 min.
V-2, For Other Culvert Shapes. Same malerial as above: V-4, For Other Culvert Shapes, Cohesive sandy clay wih Pl = 5-15:
hg Ws L V 0 : . i
I_g’slysvﬁ-orss =l -QS.’Q [‘L} IFE& ks orE* =0‘e‘jﬁ Lea
t 8T8y 0 Ye © LY&_,’ Yo 'Yo' Yeg tTc l

wheretg = 316 min.

wherely = 318 min.

soqnedpi ‘[T sumjo A ‘Ajunc)) edoriiejy Ioj [enuely udisa(y 2deurea
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Gradotion: The cohesionless bed materials presenied in Table 5.4 are categorized as
either umforn ) or graded {(3). The grain size distribution is determined by
performing @ sieve analysis (ASTM DAZ2-63). The siandard deviation (o) is computed
as: .

0 = (dgy/di*? (5.15)

where the values of dy, and d,, are extracted from the grain size distribution. If o < 1.5,
the maiterial is considered to be uniform; if o > 1.5, the material is classified as graded.

Cohesive Soils: 1f the cohesive s0il is a sandy clay similar to the one tested at Colorado
State University by Abt, et al, Equations 5.10 or 5.12 and the appropriate coefficients
in Table 5.4 can be used to estimaie the scour hole dimensions. The sandy clay tested
hiad 58 percent sand, 27 percent clay, 15 percent sili, and | percent organic matter; had
& mzan grain size of 0.15 mun, and had a plasticity index (PI) of 13.

Since Equations 5.10 and 5.12 do not include soil characteristiesythey can only be-used
for soils similar to the ones tested. Shear number expressions, that related scour to the
critical shear stress of the soil, were derived to have a wider range of applicability for
cobesive soils besides the one specific sandy clay that was tested.

The shear number expressions for circular culverts are:

h /D, W ID,L/D,or V. /D®=a(pV?t,)P(t/t))° (5.16)

and for other shaped culverts:

hoiy,, WD, LJy , or V./y} = o (pV?¥1,)P(2/t,)° (5.17)
where:

o, = «/(0.63) forh, W, and L, (5.18)

o, = 0/(0.63)°  for V, (5.19)

The values of the coefficients o, 5, 0 and «, in Equations 5.16 and 5.17 are presented
in Table 5.4.
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The critical tractive shear stress 15 defined as;

T, = 0.001(5, +180) tan(30 +1.73PI) (5.20)

where S, is the saturatcd shear strength in pounds per square inch and PI is the Plasticity
Index from the Atterberg limits.

It is recommended that Equations 5.16 and 5.17 be limited to sandy clay soils with a
plasticity index of 5 to 16.

Time of Scour: The time of scour is estimated based upon a knowledge of peak flow
duration. Lacking this knowledge, it is recommended that a time of 30 minutes be used
in Equations 5.10, 5.12, 5.16, and 5.17. The tests indicate that approximately two-thirds
to three-fourths of the maximum scour occurs in the first 30 minutes of the flow
duration.

It should be noted that the-exponents for the time-parameter in Table. 5.4 reflect the
relatively flat part of the scour-time relationship and are not applicable for the first 30
minutes of the scour process.

Headwalls: Tnstallation of headwalls flush with the culvert outlet moves the scour hole
downstream. However, the magnitude of the scour geometries remain essentially the
same as for the case without the headwall. The headwall should extend to a depth equal
to the maximum depth of scour.

Summary: The prediction equations presented in this section are intended to serve along
with field reconnaissance as guidance for determining the need for energy dissipators
at culvert outlets. Remember that the equations assume that grade control exists whether
it be manmade or natural, and do not include long-term channel degradation of the
downstream channel. The equations are based on tests which were conducted to
determine maximum scour for the given condition and therefore represent what might
be termed worst case scour geometries. The procedure presented is from Hydraulic
Design of Energy Dissipators for Culverts and Channels (USDOT, FHWA, HEC-14,
1983).

5.3.3.2 Scour Hole Geometry Calculation Procedures:
For Cohesionless and Cohesive Soils:

1. Using the appropriate methodology from Volume I, Hydrology, perform a
hydrologic analysis of the drainage path in which the culvert is located or 1s to
be placed. Estimate the magnitude and duration of the peak discharge. Express
the discharge in cfs and the duration in minutes then determine the discharge
intensity and equivalent depth.

5-70
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The discharge mtensiy i3

DoLo= Qg DY Circular cuiverts flowing fuil
DL = Q/g"y)"™ for other shapes

where Equation 5.11 is used to determine the equivalent depth:

ye — (A/z)"ll'l

For Cohesionless Materials, or 0.15mm Sandy Clay:

2. Compute the -discharge intensity- when the culvert is flowing at the peak
discharge. o

3. Determine scour coefficients from Table 5.4.

4. Use Equation 5.10 or 5.12 to compute the scour hole dimensions with t,=316:

hx/D, WJ/D, L‘Y/D, or VS/DS - ) )ﬁ ( f

)6
g2 psn 116

hoty, Wiy, L1y, V‘_rf)-‘f = 0, ( Q . q)ﬁ (
guzy:h 316

- E

For Other Cohesive Materials with PI From 5 fo 16:
2. a. Compute the culvert outlet velocity in ft/sec.
b. Obtain a soil sample at the proposed culvert location.

¢. Perform Atterberg limits tests and determine the plasticity index, PI (ASTM
D423-36).

d. Saturate a sample and perform an unconfined compressive test (ASTM
D?211-66-76) to determine the saturated shear stress, S, 1b/in®.
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e. Compute the eritical tractive shear strength, 1., from Equation 5.20,
f. Compute the modified shear number, Sn_, (pV%/1,).
3. Determine scour coefficients from Table 5.4,

4. Use equation 5.16 or 5.17 to compute the desired scour hole dimensions, use t,
= 316 minutes.

For circular culverts:

h /D, W /D, L /D, or V./D* = a(pV?/t, )P (1/316)°

or, for noncircular culverts:

hly,, Wy, Ly, or V.Jy) = e (pV ¥/t )P (1/316)°

Two example problems on the computation of the geometry of the scour hole are
presented in the next section. The example problems are from HEC-14 (USDOT,
FHWA, 1983).

5.3.3.3 Example Scour Hole Calculations for Cohesionless Material: Determine the
scour geometry—maximum depth, width, length and volume of scour—for a proposed
circular 30-inch C.M.P. discharging an estimated 50 cfs when flowing full. The
downstream channel is composed of a graded gravel material.

1. The duration of the peak discharge of 50 cfs is not known. Therefore, a peak
flow duration of 30 minutes will be estimated.

2. The circular, 30-inch CM.P. at 50 cfs will have a discharge intensity of
DI = 50/ (g (30/12)"" = 50/ (5.67)(2.5)*% = 0.89

3. The coeftficients of scour obtained from Table 5.4 are:

i f3 v
Depth of Scour 1.49 0.50 0.03
Width of Scour B.76 0.89 0.10
Length of Scour 13.09 0.62 0.07
Volume of Scour 42.31 2.28 0.17

5-72
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4, Using Equation 5.10 with = 316 minutes, the scour hole dimensions are:
h,/D, W /D, L/D, or V./D* = w{Q/g"” D™ (/316)°

- Depth:  h /D = 1.49(0.89)"(0.09)°"

ol gh‘:w; e, {iﬁlgi‘)(z‘sg = 3__(2'8 .ft B T . e T L o o R e T e

Width: W./D = 8.76 (0.89)°% (0.09)%*°
W.= (6.21)2.5) = 1551t

ngth:  L./D = 13.09(0.89)* (0.09)°"

o

L = (10.29){2.5) = 25.72 fi
Volume: V, /D’ = 42.31(0.89** 0.09"7 . - =

V.= (21.54)(15.63) = 336,67 ft

LA

Using Figure 5.45, the location of the maximum scour is defined as occuring at.

041} = 0.4(25.72) = 10.3 ft downstream of the culvert outlet.

5.3.3.4 Example Scour Hole Calculations for a Cohesive Material: Determine the
scour geometry, maximum depth, width, length, and volume of scour for an existing
circular 24-inch CM.P. discharging an estimated 40 cfs when flowing full. The
downstream channel is composed of a sandy-clay material.

[. The duration of the peak discharge of 40 cfs is not known. Therefore, a peak
flow duration of 30 minutes will be estimated.
2. a. The average velocity at the culvert outlet is:
Vo= Q/A = 40.0/3.14 = 12.74 1ps
b-e. The sandy-clay material was tested and found to have a PI of 12 and a
saturated shear strength (S,) of 240 psi. The critical tractive shear can be

estimated by substituting into Equation 5.20.

7. = 0.001(240 + 180) tan(30 + 1.73(12))
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T, = 0.001(420) tan(50,76) = 0.51 1b/ft*

[+

f. The modified shear number Sn,_, = (pV¥/1) is:

Sn_, = 1.94 (12.749)*0.51 = 617.4

mod

oo BesThe experimental coetficients o, P,.0 from Table 5.4qare: .

o B 0
Depth 0.86 (118 0.10
Width 3.55 0.17 0.07
Length 2.82 0.33 (0L.0S
Volume 0.62 (.93 023

4. Using Equation 5.16 with t_ = 316 minutes, the scour hole dimensions are:

h/D, W /D, L/D, or V/D® = a(pV¥yt,)P (t/316)°
Depth:  h/D = 0.86(617.4)%" (0.09)"°

§

h = (2.14)(2) = 4.30ft

Width:  W/D = 3.55 (617.4)%7 (0.09)

W, = (89H(2) = 1791t
Length: L/D = 2.82(617.4)"" (0.09)*"
L, = (1892)2)= 37811

Volume: V/D* = 0.62 (617.4)" (0.09)"*

A = (140.3)(8) = 1122.5 ft’

5. Location of maximum depth of scour (Figure 5.45)

0.4L, = 0.4(37.8) = 15.1 ft downstream of culvert outlet.
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5.3.4 Protection at Culvert Qutlets

5.3.4.1 Riprap Apron: Riprap aprens placed downstream of culverts provide protection
against scour immediately arcund the culvert as well as providing for the uniform
spreading of the flow and decreasing ihe {low velocity, thus mitigating downstream
damages.

These riprap aprons may be designed as simple horizontal aprons as shown in Figure

546, with rapéred-sides of 211 for minimum tailwater-and 5.1 for maximum tailwater: -
Minimum tailwater is assumed when the tailwater depth is less than half the culvert
height. Maximum tailwater is assumed when the tailwater depth is greater than half the
culvert height.

A simplified approach for providing protection downstream: of culverts is presented in
the next two sections. For more thorough methods see Section 7.4.

5.3.4.2 Riprap Apron Dimension Design Procedures:

I. The length of the apron (L,) is determined using thé following empirical
relationships that were developed for the U.S. Environmental Protection Agency

(1976):
1.8¢Q D
v W +7D  for TW < 5 (5.21)
and:
Y7 D
La = D +7D f()l‘ TW > ? (5.22)

where D is the maximum inside culvert width (ft), Q is the pipe discharge (cfs),
and TW is the tailwater depth (ft).

[

Where there is no well defined channel downstream of the apron, the width, W,
of the outlet and of the apron {as shown in Figure 5.46) should be as follows:

W, =3D+04L, for TW > % (5.23)

t:n
~]
L]
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Figure 5.46

Configuration of Conduit Outlet Protection
(U.S. EPA, 1976)

W, =3D+04L,
( Tailwater > 0.5 D )

( Tailwater < 0.5D)
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and:

W, =3D+L, for TW <

D 5.24)
2 (“ * 7

The width of the apron at the culvert outlet should be at least 3 times the culvert
width.

Where there is a well-defined channel downstream of the apron, the bottom
width of the apron should be at least equal to the bottom width of the channel
and the lining should extend at least one foot above the tailwater elevation and
at least two-thirds of the vertical conduit dimension above the invert.

The side slopes should be 2:1 or flatter.

The bottom grade should be level.

There should be overfall at the end of the apron or culvert.

5.3.4.3. Riprap Apron Stone Size:

ra

The median stone diameter (d,) is determined from the following equation:

_0.02(Q)*?

e
" T TW(D) (5-25)

Existing scour holes may be used where flat aprons are impractical. Figure 5.47
shows the general design of a scour hole. The stone diameter is determined using
the following equations:

_ 0.0125(0)*? _ D
50 TW(D) for y, 5 (5.26)
also,
0.0082(0)*?
50 = TWEg)) fory, = D (5.27)

where vy, is the depth of the scour hole below the culvert invert. If the depth of
scour isn't known it can be determined using the procedures in Section 5.3.3.1.
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3. The other riprap or gabion requirements are as indicated in Chapter 6 for channel

linings.

4, Filter fabric or granular bedding shall be provided under riprap or gabion apron
protection.
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Figure 5.47

Preformed Scour Hole (a) plan and (b) section
(ASCE, 1975)
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Inverted Siphons

5.4.1

5.4.2

5.4.3

General

Because of the resulting physical conditions, inverted siphons are rarely used in urban

sgrainageyhowever, duetothe flatiepography:and alargemumber:of canalsdinMaricopa. - -

County, the designer may have to consider using an inverted siphon.

Inverted siphons are used to convey water by gravity under canals, roads, railroads,
other structures, and depressions. An inverted siphon 1s a closed conduit designed to run
full and under pressure. When flowing at design capacity, the structure should operate
without excess head.

For canal structures, inverted siphons are economical, easily designed and built, and
have proven to be areliable means of water conveyance. However, because of sediment
and debris present in stormwater, maintenance can be a significant negative factor. In
addition, canals run more or less continually and can be drained between periods of use,
but inverted siphens for stormwater do not operate on a regular cycle. If water is left to
siand, significant health hazards could result. Inverted siphons shall be considered only
when permitted by the jurisdictional agency.

Design Criten?

All pipe should be designed for water-tight joints. Velocity in the conduit should be a
minimum of 5.0 fps to prevent sedimentation. The minimum cover over the conduit
should exceed 3.0 feet. Inlet and outlet structures are required, and the facility shall meet
the requirements {or safety described in Section 5.2.2.12. Pipe collars and blow-off
structures may be required as determined by the jurisdictional agency. Air vents, after
the entrance, should be used unless the agency agrees with eliminating the vents.

At a minimum, the designer should compute losses for the entrance and outlet (including
trash racks), pipe friction, and losses at bends and transitions.

Design Procedure

A design procedure and design examples are contained in Design of Small Canal
Structures (USBR 1974). Taking into consideration conditions that are more specific to
urban drainage described before, this publication can be used for most applications in
Maricopa County.
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5.5

Bridges

This section presents a brief overview of the hydraulic analyses for bridge crossings
over open channels. A general discussion of scour is also presented. Comprehensive
guidelines and criteria for hydraulic analyses of bridge crossings are beyond the scope
of this manuval. The reader should refer to appropriate texts and technical handbooks for

. durtheranformation.on this subject.

5.5.1

Roadways must often cross open channels in urban areas, therefore, sizing the bridge
openings is of paramount importance. In general, bridges should be designed to have as
little effect as possible upon the flow passing beneath them. If possible, bridges over
natural or man-made channels should be designed so that there is no disturbance to the
flow whatsoever. Whenever piers are used, they need to be oriented parallel to flow.
Impacts upon channels and floodplains created by bridges usually take the form of
increased flow velocities through and downstream of the bridges, increased scour and
upstream ponding due to backwater effects. These impacts can cause flood damage to
the channel, to adjacent property and to the bridge structure itself.

A new or replacement bridge will not be permitted to create a rise in the existing
water surface elevation, to canse an increase in lateral extent of the floodplain, or to
otherwise worsen existing conditions.

Hydraulic Analysis

The hydraulic analyses of pre- and post-bridge conditions can be performed using a
computerized step-backwater model. The HEC-2 program developed by the U.S. Army
Corps of Engineers (USACE. 1990) is the most common backwater computation
software available and is used nationwide. The Corps also recently released their HEC-
RAS computer program (USACE, 1995a, and 1995b) which is capable of analyzing
bridges.

An analytical methodology for hydraulic analysis of bridge crossings is that described
in Hydraulics of Bridge Waterways (USDOT, FHWA, HDS-1, 1978b).

Another widely-used computer program is WSPRO (USDOT, FHWA, HY-7,1988)
which incorporates the procedures of the HDS-1. A useful publication to accompany
WSPRO is Bridge Waterways Analysis Model Research Report (USDOT, FHWA,
1986).

Bridge analysis requires meticulous input preparation for proper analysis, care should
be taken to review input data and to examine results thoroughly for reasonableness.
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If there is a good possibility of debris collecting on the piers, it may be advisable to
use a value greater than the pier width to account for debris blockage. However,
modeling of debris blockage should be reviewed with the jurisdictional agency.

R R AT

5.5.2 Hydraulic Design Considerations

Additional factors to be considered in the design of a bndge crossing include flow
regime (i.e., subcritical or supercritical flow), anticipated scour effects, and freeboard.

5.5.2.1 Freeboard: Freeboard at a bridge is the vertical distance between the design
water surface elevation and the low-chord of the bridge. The bridge low-chord is the
lowest portion of the bridge deck superstructure. The purpose of freeboard is to provide
room for the passage of floating debris, to provide extra area for conveyance in the event
that debfis build-up on the piers reduces hydraulic capacity of the®britlge; and to provide
- a factor of safety against the occurrence of waves or floods larger than the design flood.

Bridges should be designed to have a minimum freeboard of two feet for the 100-
year event. The structural design of the bridge should take into account the
possibility of debris and/or flows impacting the bridge.

In certain cases, site conditions or other circumstances may limit the amount of
freeboard at a particular bridge crossing. An example would be the replacement of a
“perched” bridge across a natural watercourse where major flows overtop the roadway
approaches. In general, variances to the minimum freeboard requirement will be
evaluated on a case by case basis by the jurisdictional agency.

5.5.2.2 Supercritical Flow:

For the special condition of supercritical flow within a lined channel, the bridge
structure should not affect the flow at all. That is, there should be no projections,
piers, etc. in the chiannel area. The bridge opening should clear and permit the flow
to pass unimpeded and unehanged in cross section.

5.5.2.3 Scour: To determine scour at bridges, refer to Predicting Scour at Bridge Piers
and Abutments (Laursen, 1980) and HEC No. 18, Evaluating Scour ar Bridges (USDOT,
FHWA. 1991). Total scour at a bridge crossing consists of three components which are
generally cumulative, and a fourth, lateral stream migration, which can move the general
bed grade horizontally to a new location. The first three components are:
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Long Term Aggradation or Degradation: This is a variation to river bed elevation,
usually occurring over long periods of time due to changes in controls, such as dams and
in-streamn mining. Such variation can result in modification of sediment discharge and
river geomorphology, such as a departure from a meandering to a braided stream. The
changes may be natural or man-induced, but are {ar more often documented as the latter
(USDOT, FHWA, 1978a).

Long term bed elevation changes (aggradation or degradation) may be the natural trend

+ ~0f thesstream-eramay+be thewesult -of some-modificationto-thestream or watershed. -«

condition. Factors that affect long term bed elevation changes are: dams and reservoirs
(upstream or downstream of the bridge), changes in watershed land use (urbanization,
deforestation, etc.}, channelization, cutoff of a meander bend (natural or man-made),
changes in the downstream base level (control} of the bridge reach, gravel mining from
the stream bed, diversion of water into or out of the stream, natural lowering of the total
system, movement of a bend or bridge location in reference to stream platform, and
stream movement in relation to the bridge crossing.

General Scour: This type of scour involves the removal of material from the bed and
banks across all orsmost of the ‘width -of a-channel.-The scour is caused by -increased
velocities and shear stresses caused by the local area geometry and water surface
controls.

General scour results from the acceleration of the flow due to either a natural or bridge
contraction or both {contraction scour). General scour may also result from the location
of the bridge on the stream, such as, its location with respect to a stream bend or its
location upstream from the confluence with another stream. In the latter case, the
elevation of the downstream water surface will affect the backwater on the bridge,
hence, the velocity and scour. General scour may occur during the passage of a flood
and the river may fill in as the flood recedes, thus it may not be directly evident;
whereas, degradation always results in an evident change that is largely irreversible
(unless the bed elevation is corrected).

General scour from a contraction usually occurs when the normal flow area of a stream
is decreased either by a natural constriction or by a bridge. The contraction of the flow
by the bridge can be caused by a decrease in flow area of the stream channel by the
abutments projecting into the channel and/or the piers taking up a large portion of the
flow area. Also, the contraction can be caused by approaches to the bridge which cut off
the overland flow that normally goes across the floodplain during high flow. This latter
case also can cause clear-water scour (defined further under Local Scour) at the bridge
section because overland flow normally does not transport any significant bed material
sediments. This clear-water picks up additional sediment from the bed when it returns
to the bridge crossing. In addition, if floodwater returns to the stream channel at an
abutment it increases the local scour there. A guide bank at an abutment decreases the
risk from scour of that abutment from returning overbank flow. Also, relief bridges in
the approaches reduce general scour by decreasing the amount of flow returning to the
natural channel, which then decreases the scour problem.
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Local Scour: Tins is the scour that occurs at a pier or gbutment as the result of the pier
or abutment obstructing the flow. This type of scour only occurs on a small portion of
the channel width, where the obstructions to the flow cause local current accelerations
creating vortices that remove the material around them,

If the transport rate of sediment away from the local region is greater than the transport
vate into the region, a scour hole develops. As the depth of scour is increased, the
strength of the vortex or vortices IS 1educed the traﬂsport rate is reduced and

Generally, local scour depths are muchlarger than the other two. But, if there are major
changes in stream conditions, such as a large dam built upstream or downstream of the
bridge or severe straightening of the stream, long term bed elevation changes can be the
larger element in the total scour.

Types of local scour are:

»  Clear-water scour: Clear-water scour occurs when there is no movement of the
bed material of the stream upstream of the crossing but the acceleration of the
flow and vortices created by the piers or abutments causes the material at their
base to move.

»  Live-bed scour: Live-bed scour occurs when the bed material upstream of the
crossing is also moving,

Lateral Stream Migration: In addttion (o the above, lateral shifting of the strearn may
also erode the approach roadway to a bridge and change the angle of the flow in the
waterway at the bridge crossing, causing a change in the total scour.

Armoring: Armoring occurs on a stream or in a scour hole when the forces of the water
during a particular flood are unable to move the larger sizes of the bed matertal. This
protects the underlying material from movement. Scour around an abutment or pier may
initially occur but as the scour hole deepens the coarsest bed material may move down
in the hole and protect the bed so that the full scour potential is not reached.

Table 5.5 presents a checklist of potential problems relating to channel movement/scour
and the causative factors which should be examined (see also Tables 6.8, 6.9, and 6.10
for the Design Checklists).
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Table 5.5

Checklist of Potential Problems and Factors to be
Examined for Channel Movement and Scour

Potential Problem

| Lobg term degradation or aggradation

Reservoirs

Mining

Urbanization

Watershed changes

General scour

Downstream variable water surface relationship

Contraction and expansion

Bed configuration and movement

Live-bed scour

Clear-water scour

Bends

Natural stream constriction

L.ong approaches to the bridge over the floodplain

Berms from sediment deposits

Island or bar formations

Debris

Growth of vegetation in floodplain or channel

Bed and sediment characteristies

Armoring

Lateral migration
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_Open Channels

6.1 Definition of Symbols

The following symbols will be used in equations throughout Chapter 6.

o
O

v
ra

o000

o
]

m{:‘@m:ﬂ;ﬂ@tﬂ £

'—]t“( Or-‘.—
|

e R
=
|

The bank angle with the horizon

Angle of repose

Change in water surface elevation, ft

Ratio of the summation of the distances between rows of buildings, L.,
to the total length of the reach along a profile parallel to flow, L, fi/ft
Cross section area of flow, {t?

Channe] bottom width, ft

Overall correction factor when using a different stability factor or
specific gravity

Stability factor correction factor

Correction factor for specific gravity

Depth of flow, or hydraulic depth, ft

The average diameter of a rock particle for which "i" percent of
gradation is finer by weight
Specific energy, ft

Freeboard, ft

Section factor at critical depth, ft*?

Froude number

Acceleration due to gravity, 32.2 fu/s®

Gradation coefficient

Velocity head, ft

Bank angle correction factor

Individual length between buildings measured parallel to flow, ft
Total lengrh of the floodplain, including buildings, ft

Manning’s roughness coefficient (see Table 6-11)

Roughness coeiticient for the area between the buildings in the
floodplain (i.e., streels, yards, etc.)
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6.2

Adjusted urban roughness coefficient

._.
=
il

P = Wetted perimeter, ft
Q = Discharge, cfs
R = Hydraulic radius = A/P, fl
T, Radius of channel center-hine curvature, ft
SF = Stability factor
S, = Channel bottom slope, ft/ft
28, = ... =Specific.gravity.af.the sock riprap. . T SRS
T = Channel width along the top of the waler surface ft
A% = Average velocity of a section, ft/s
W, Clear width between buildings, measured perpendicular to flow, ft
W, = Total width of the floodplain including buildings, ft
y = Distance from water surface to the centroid of the section, ft
Y = Depth of flow, ft
Y. Critical depth of flow, ft
Y, = Normal depth of flow, ft
General

An open channel is a conveyance in which water flows with a free surface and may be
natural or artificial. Natural stteams usually consist of a normal or low flow channel and
adjacent floodplains. For purposes of this guideline, the term open channel will include
the total conveyance facility, floodplain, and stream channel.

Open channel hydraulics i1s of particular importance to design because of the
interrelationship of channels 1o street and urbanization drainage. In the hydraulic
analysis and design of bridges and culverts, open channel hydraulic principles are used
to evaluate the effects of proposed structures on water surface profiles, flow and velocity
distributions, lateral and vertical stability of the channel, stream regime, flood risk, and
the potential reaction of channels to changes in variables such as urbanization; structure
type, shape, and location; and scour control measures.

The hydraulic design process for open channels consists of establishing criteria,
developing and evaluating alternatives, and selecting the alternative which best satisties
the established criteria. Elements that should be considered in the design process include
capital investment and probable future costs, such as maintenance and flood damages
io properties; fraffic requirements; and impacts on the stream and floodplain
environment.

If the proposed project will impact Waters of the U.S., the designer shall take into
account requirements of the Clean Water Act (CWA), Section 404,
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The Corps of Engineers, the permitting authority for the 404 permit, will require the
designer to first avoid any impacts, second to limit impacts, and finally, to reduce
impacts consistent. with 404 b(l) Guidelines (National Archives and Records
Administration, 1990). If the designer cannot avoid impacting Waters of the 1.5, a
requirement of the permit will be mitigation of impacted areas. The Corps of Engineers
will also ensure compliance of the project with Section 401 of the Clean Water Act and
will not issue a 404 permit without this certification. Section 401 of the Clean Water Act
is the certification process by which the Arizona Department of Environmental Quality
conficms:that:the federallypermitted:project ameets state:water quality standatds .. »1

Open channel design can be quite complex, requiring both specific education and
extensive experience; however, when provided with specific procedures and criteria
many urban applications can be successfully designed by engineers with substantially
less experience. This chapter examines channel design for common urban applications,
including roadside channels, channels within developments, and existing channels in
urban areas or urbanizing areas that can be analyzed as “rigid”. Occasionally, channel
design of movable-bed and non-rigid channels will be required. These are complex, and
specific design aids and descriptions of design are not included in this manual. For these
applications, engineers -qualified in-epen-channel-design should undertake the design.
Checklists of the requirements and resources to be used for the more complex channel
designs are included in Section 6.6.

6.2.1 Urban Open Channels

Urbanization causes an increase in both the volume and rate of stormwater runoff. The
current practice in Maricopa County is to use storm sewers and open channels to convey
stormwater to detention or, more commonly, tetention facilities. This practice
substantially reduces the impacts from urbanization; however, the volume of runoff
carried by natural streams will usually be increased. The increase in the volume of
runoff can cause a change in the overall stability of both natural and artificial channels.
The analysis of these effects are outside the scope of this manual; however, a discussion
of these effects is included in Section 6.6, as well as a checklist of technical matters to
consider and a list of references which supports the checklist.

When land is developed, runoff from urban areas is concentrated to control stormwaters
and provide a healthy environment. Even for small basins, concentrated runoff cannot
simply be turned loose on adjacent grounds. Such action will result in erosion and the
creation of a “new”” urban channel; therefore, planning and design for urbanization needs
to include approved disposal of newly created runoff from a development site. It is
important to note that interfaces between natural and artificial channels are critical and
require specific attention during design. In addition, sediment management and strearn
geomorphology are critical to both natural and artificial channels.

The preceding discussion simply illustrates a few requirements for design of urban
channels. On larger scales, the designer may be faced with analysis or design of
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6.2.2

6.3

“non-rigid” channels; however, many urban applications employ “rigid channel” design
concepts in order to gain sufficient control of urbanized stormwaters, often within a
limited right of way. This chapter addresses design of rigid channels.

Floodplain

“Warieopd Courtty Hagnattrdlty occuring flootplainsTas-well as“thiose that habvesbeery =% -«

created, or expanded, due to urbanization. Some of these floodplains have been
identified and are being regulated by local municipalities, the Flood Control District, the
Arizona Department of Water Resources (ADWR), and the Federal Emergency
Management Agency (FEMA). The Flood Control District and most municipalities issue
floodplain use permits for activities within FEMA designated floodplains, and drainage
permits for activities located outside them. This system has evolved due to two separate
statutory authorities resulting in two separate regulations. When developing projects in
flood-prone areas be aware that even though the project is located in what a
geomorphologist would classify as a floodplain, if it has not been mapped and published
by FEMA, then—from aregulatory standpoint—it-is not censidered a fléodplain.dn that
case, the developer would be required to obtain a drainage permit instead of a floodplain
use permit.

Regulation of floodplains has been undertaken by authority contained in the National
Flood Insurance Program. Engineers designing open channels or analyzing floodplains
are faced with the provisions of the program; therefore, the following short description
of the program and its requirements is included.

Special Flood Hazard Areas (SFHA) have been delineated on Flood Insurance Rate
Maps (FIRMs) which can be obtained from the local jurisdictional agency (i.e., the
Flood Control District of Maricopa County, City of Phoenix, etc.}). The 100-year flood
boundaries, flood insurance rate zones, and regulatory flood elevations are shown on the
FIRMs, All new development and significant modifications to existing uses must be
approved by the jurisdictional agency responsible for regulating floodplains in the
channel reach in which the development or modifications are to occur.

Artificial Channels

Artificial open channels are used in drainage for a wide variety of applications. The
applications vary in scale from modest roadside ditches and on-site drainage to large
conveyance facilities that can be several hundred to several thousand feet wide. Channel
linings heavily influence other physical characteristics of open channels.

This section covers the open channel design applications more commonly encountered
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6.3.1

Open Channets

by civil engineers, The desigr methods preseated in (his section require rigid grade

control of the channel.
Applications 1avolving rivers and large washes or channels-——which are considered

“non-rigid”-—require special design skiils, and the design of these channels should not
be atternpted with the design technigues, contained in this manual.

L P O B W Y

Route Considerations

Open channel failures frequently result from poor layout of surrounding land during the
planning process. Without consideration of hydraulic parameters during the earliest
phases of planning, unsafe conditions are likely to result and, often, facility and
maintenance costs are excessive. A typical example of a safety problem is a high
velocity channel being required in a residential area.

All natural channels are in a constant state of change. Natural channels that have small
changes resulting from periods of low flows and-periods of relatively“high flows are
considered in equilibrium. The ideal artificial channel is one that approximates a natural
channel in equilibrium, or one which has been carved over a long period of time. These
channels do not have excessive velocities, and are without closely-spaced, sharp, and
reverse curvatures. Artificial channels should be aligned with the entrances and exits of
hydraulic structures. In all cases, the issue of wet and dry weather safety should be a
paramount consideration in route and right-of-way determinations.

Larger natural channels have low flow channels contained within their bottom width.
To provide low cost maintenance, artificial channels should be stable for both low and
high flow rates. This may require the use of a low flow channel to prevent the
accumulation of silt, which reduces channel capacity. The route should permit the use
of a uniform and stable channel side slope; permit the maintenance of subcritical flow;
and maintain constant channel properties such as width, side slopes, and depth. Because
this condition is sometimes difficult to achieve, it can result in channels that are likely
to move and, hence, result in ongoing risk and continuous maintenance.

Choice of Channel

The choices of channel linings available to the designer are numerous, and depend upon
good hydraulic practice, environmental design, sociclogic impact, basic project
requirements, recognition of risks involved, maintenance, and ¢conomics. However,
from a practical standpoint, the basic choice to be made initially is whether or not the
channel lining is concrete, soil cement, rock, or earth. In some instances, a grass lining
is appropriate.
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The actual choice must be made upon a variety of multi-disciplinary factors and
comglex considerations which include, anmong others:

Bydraulic
¢ Slope of thalweg
» Right-of-way configuration and amount required
+ Stream bed controls—bed stability

* Capacity needed

e

aobodE s W ik

« ‘Basin sediment yield and channe! transport capacity
» Topography

= Ability to drain adjacent lands

* Geotechnical

= Groundwater Jevels and groundwater recharge

Structural
« Costs
« Availability of material
« Areas for excavation materials (spoil sites) ~

Enrvironmenial
e Neighborhood character
« Neighborhood aesthetic requirements
« Need for new green areas
¢ Street and traffic pattern
« Municipal or Flood Control District policies/ordinances
« Need for open space

Sociological
» Neighborhood social patterns
» Neighborhood child population
+ Pedestrian traffic
» Recreation needs

6.3.2.1 Description of Channel Types: Artificial channel types can vary with the shape
of the section and with the lining used for the channel bottom and banks. Typical
channel lining types include concrete, soil cement, rock, earth (natural), and grass. These
linings can be used alone or in combination with other linings. Typical linings and
sections are shown in Figure 6.1 and are discussed in detail in Section 6.5.

Some of the sections of Figure 6.1 show an optional low flow channel (discussed
below), however, compound sections larger than a low flow channel may be desirable

simply because they incorporate hiking trails and other recreational activities.

Concrete Lined Channels: Concrete lined channels are used primarily where right-of-
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way is limited. The channels may be designed for either subcritical or supercritical flow
and generally have steep side slopes because of the limited right-of-way. Inherently,
these channels present greater personal safety problems both in wet and dry weather (see
Section 6.3.2.4). In addition, supercritical {lows present greater problemns to the desigrer
in the design of the channel and in the design of appurtenances such as bridges and
culverts. Channels with supercritical flow require special attention to construction joint
details, changes in channel alignment, transitions, and at the interface with all hydraulic
structures.

A e e T R L B 2l e o sl St i e i AE

tial and recreation areas. If
concrete channels are needed in these areas, fencing should be used to control access.

Concrete lined channels require reinforcing steel and minimum concrete thicknesses
dictated by anticipated structural loads and the clearance requirements of steel
reinforcing. It is not recommended that non-reinforced concrete be used for open
channels. In addition, concrete lined channels require weep holes and/or subdrains to
prevent uplift damages. Figures 6.1 and 6.2 illustrate that the top of the concrete is tied

into the ground, which is required to prevent erosion caused by water entering the
channel laterally -eroding the soils behind the concrete and-damagingsthedining.-Several ¢
instances of channel failure in the Maricopa County area have occurred due to the lack '
of a proper tie-in at the top of the concrete channel lining. Figure 6.2 provides details

for key-ins required for concrete, shotcrete and soil cement channels.

Soil Cement: Soil cement linings are composed of a thick lining of soil cement without
reinforcement and liave been used successfully in Maricopa County. Soil cement is
subject to weathering, including erosion, and may not have good life cycle traits when
used in the bottom of channels. The side slopes can be steep (2 horizontal : 1 vertical);
therefore, the same restrictions for concrete-lined channels should be placed on the use
of soil cement channel types when they are used in residential and recreation areas.

With the possible exception of channel bottoms, soil cement can withstand higher
velocities than some of the lining types. Soil cement is most likely to be used for a
channel with a limited and restricted right-of-way or as bank lining near bridges and
culverts where ambient stream velocities tend to be higher than the average velocity
within a channel reach. If soil cement is to be used in conjunction with an earthen or
grass-lined channel bottom, control of channel grade and scour must be incorporated
into the design of the channel.

Rock Lined Channels: This class of lining includes both common riprap and gabion
riprap linings. In general. both of these types require placement of a gravel-filter layer
and/or filter fabric between the rock layer and the natural ground. Excluding
applications for hydraulic structures, gabion riprap is normally used when rock of
sufficient size for common riprap is unavailable, poorly shaped, and/or overly expensive
for a project. Because of weathering and vandalism, gabion riprap should not be placed
on slopes steeper than where common riprap would be used (see Section 6.5).

Riprap channels are to be designed for subcritical flow; however, because the
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permissible side slopes are steeper (3 horizontal : 1 vertical) than allowed for either
grass lined or earth lined channels, riprap lined channels will normally be used in areas
with restricted right-of-way. These channels will flow in the subcritical range and the
rough texture may permit an individual to exit from the channel during flows,
potentially permitting less restrictive safety requirements than for a typical
concrete-lined channel. Design around hydraulic structures may also be less restrictive,
Use of toe rock with riprap side slopes can work successfully in combination with an
earth bottom. This channel is much less prone to move than a totally earth lined channel.

=Non-rigid-design-technigues-must:-be:used-when-carth-channel. bottoms are.combined . . ou -

with riprap sides. The riprap toe protection (toe rock) should be designed to protect
against anticipated scour (see Figure 6.12).

Earth Lined Channels: This category includes both bare earth and naturally vegetated
channels in Maricopa County. Subsequent to construction, some revegetation will
naturally occur, or landscaping practices may be used to establish zrowth of indigenous
plant materials. For Maricopa County, this growth will be desert-like, with few grasses
and a sparse spacing of other plant materials.

Earth lined channels are designed for subcnitical flow ranges. The width.to.depth ratios
are large, the side slopes are flatter than 4 horizontal : 1 vertical, and grade control is a
requirement of the design. The smaller-size range of these types of channels do not
require low flow channels; however, for larger-sized channels and for channels used for
pedestrian corridors, an armored low flow channel may be required to achieve effective,
low-maintenance channels. Riprap toe protection may be used to increase channel
stability.

Grass Lined Channels: These channels have similar properties to earth lined channels
with side slopes no steeper than 4 horizontal : 1 vertical. The root structure of the grass
permits higher flow velocities and smaller sections. Non-irrigated, grass lined channels
will revert to earth lined channels; therefore, all references to grass lined channels will
be for irrigated grass.

Because water must be conserved in the desert environment, grass lined channels are

most likely to be used as part of landscaping for smaller development tracts and as part
of local and regional park schemes where multiple use activities are included.

6.3.2.2. Flow Characteristics:

Design velocities for all linings should not fall below 2 fps to minimize sediment
depositional problems. '

Determine the maximum allowable velocity from Tables 6.1 and 6.2. Calculate the
allowable capacity for the drainage ditch using Manning's formula with an appropriate
n value. Manning's n values for typical channel materials are presented in Table 6.11
(page 6-64). If the natural channel slope would cause excessive velocity, employ drop
structures, checks, riprap, or other suitable channel protection.

6-10
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Taisle 6.1
Maximum Permissible Velocities for Roadside

Drainage Channels with Erodible Linings
(USDOT, FHWA, i961 and 1983)

Soils Type of Lining Permissible
(Earth, No Vegetation) Velocity ?, ft/s

J-Fine Sand (noacolloidal) . . .. | 25
Sandy I.oam (noncolloidal) 2.5
Silt Loam (noncolloidal) 3.0
Ordinary Firm Loam 3.5
Fine Gravel 5.0
Stiff Clay (very colloidal} 5.0
Graded, Loam to Cobbles (noncolloidal) 5.0

Graded, Silt to Cobbles {noncolloidal) 55

Alluvial 5ilts (noncolloidal} 3.5
Alluvial Silts (colloidal) 5.0
Coarse Gravel (noncolloidal) 6.0
mCobb],es and Shingles 5.5
Shales and Hard Pans 6.0

(1) Forsinuous channels multiply permissible velocity by:
0.95 for slightly sinuous;
0.90 for maoderately sinuous; and
0.80 for highly sinuous

6.3.2.3 Low Flow Channels: The majority of storm events will be less than the design
storm, resulting in frequent low flow conditions. Low flows in earth- or grass-lined
trapezotdal channels will deposit sediment and develop their own pilot channel which
will be meandering and could direct low flows into the channe!l banks causing bank
ercsion. Design of low flow channels will prevent meandering and will direct low flows
in a controlled manner.

Rounding the channel bottom to approximate a parabolic shape will cause the centerline
of the channel to act as a low flow channel. Alternatively, the channel bottom could be
graded into a shallow V-shape to lower the centerline.

Because of the potential for long-term channel aggradation, base flows and crop
irrigation return flows may require specific consideration, Waterways which are
normally dry often have somewhat coniinuaus low flows afrer urbanization because of
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Table 6.2
Roadside Channels with Uniform Stand of

Various Grass Cover and Well Maintained 7
(Adapted from USDOT, FHWA 1961 and 1983)

Permissible Velocity, fps
: Erosion Easily
ez Sower - o | eoSlopedRamge, Go-of e i b Dime A el s
P 8% Resistant Soils Eroded Soils
Oto5 6.0 4.5
Bermuda Grass 5to0 10 5.5 4.0
Over 10 5.0 3.0
Desert Salt Grass Oto5 5.0 4.0
Vine Mesquite 5to 10 4.5 3.0
Over 10 4.0 2.5
Lehman Lovegiass Y
Big Galleta Oto5™ 3.5 2.5
Purple Threeawn
Sand Dropseed
Sudangrass Oto5™ 3.5 2.5
Barley @ |
(1) Use velocities over 5 fps only where good covers and proper mantenance can be
obtained.
(2) Grass 1s accepted only if an irrigation system is provided.
(3) Not recommended for vse on slopes steeper than 5 percent.
4) Annuals, used on mild slopes or as temporary protection until permanent covers are
established.

lawn irrigation and other outside uses of water, including crop irrigation return flows for
developments on the edge of urbanizing areas. Maricopa County is generally typified
by low groundwater tables, porous surface materials and limited irrigation, which tend
to reduce low flows and short-term problems of aggradation and wet channel bottoms.

Base flows for larger drainage basins can be a significant stability and maintenance
problem for earth- or grass-bottomed channels. In this discussion, base flows can be
considered as flow rates that are less than the 5- or 10-year storm events. If grass and
earth channels are too wide, the low flows will tend to incise a channel within the
bottom, giving rise to both higher maintenance requirements and more channel
instability when larger storms occur. Because flows of sufficient size to canse a low
flow channel to form may not occur for several years, the magnitude of this problem
may not be observed {or several years.

6-12
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Open Channels -

When caiculations Hlustrare the need for low flow channels, it is important to provide
for notches in hydrauiic siructures to pass low flows. Without this provision, the low
flows will not be confined and local aggradation may lead to failure of hydraulic
siructures and channiels.

6.3.2.4 Safety: Section 5.2.2.13 contains a full discussion of safety, however, with
regard to open channels, it may be necessary to provide Category [ safety
devices---primarily fencing—-to preclude wet and dry weather access to drainage

~tfacilities that-can beshazardous: - R T T R

Except as subsequently provided, fencing will be required for all new concrete,
shotcrete, and soil cement lined channels with side-slopes steeper than 4:1 that meet
a Class A hazard as defined in Table 5.2 (page 5-13). Subcritical channels lined with
councrete, shotcrete, and soil cement lined depths and bottom widths less than 3 feet
and 5 feet, respectiveiy. will not require fencing. Fencing may be required by indi-
vidual entities regardless of the conditions listed in this manual.

0.3.2.5 Mainlenansce: Maintenance considerations-are an importantsfactor in open
channel design. Grass-lined channels require irrigation and mowing. Earth-lined
channels need to be kept clear of vegetation and debris. Concrete-lined channels require
periodic maintenance and may also require sediment removal after intense storms.
Consider the required level of maintenance and obtain assurance of the proper level of
maintenance for all designs.

Design of Artificial Channels

This manual provides the Simplified Design Procedure for normally encountered design
problems in open channels that can be applied only to discharges less than 2,500 cfs.
When a condition is encountered that 15 beyond the scope of this simplified procedure,
an increase in the detail of analysis is required. Section 6.6 includes design checklists
for artificial and natural channels. The basis of the checklists is for the designer to
address the probable important factors on each assignment, For common, controlled
conditions, there are simplified approaches to design that can be used; however, when
a condition occurs that requires a higher level of technical approach, the design
procedures require engineers qualified in open channel design techniques and more
complex procedures.

I'he information contained in this section is to be used as the designer proceeds through
the checklist items. As often noted in this manual, the intent is to provide design
approaches and support for the most commonly encountered conditions. For more
complex problems, a complete checklist and recommended minimum references to
support the checklist are included in Section 6.6. These references are especially helpful
for those facilities involving significant sediment transpoit issues or complex hydraulic
structures for grade control and/or energy dissipation,
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6.3.3.1 Design Criteria for the Simplified Design Procedure: This section addresses
properties of channel cross sections. Metheds of calculating channel bottom slope,
hydraulic depths, and other hydraulic characteristics follow.

The parameters listed in Table 6.3 and within this section should be used as guideline
values. The criteria in Table 6.3 can be adjusted, but only by making request to the
Flood Control District and/or other regulating agency. The request must be accompanied
by a specific detailed design prepared by a registered engineer using the long-form

+ -designprocedure(checklist) outlined in-Seclion-6.6.Converselyyin-the.course ot design, .- .-

conditions requiring more stringent criteria may be found. In this instance, use the more
restrictive procedures and criteria. Table 6.3 contains the channel properties to be used
by designers of open channels using the Simplified Design Procedure. It should be noted
that the channel properties change with the design discharge, which is a result of the
hydraulic characteristics of open channels. As the design discharge increases, rigid
channel design becomes increasingly more difficult to achieve. Safety considerations
and the force of water combine to demand greater and greater design skills as the design
discharge increases.

6.3.3.2 Hydraulics of Open Channels: For a relatively long, straight, and: uniform
channel, normal depth (i.e., uniform flow) calculations can be used to determine the
discharge capacity at varying depths for a constant cross-sectional area. However,
practicing engineers working in an urban environment will rarely encounter either
existing conditions or design conditions where uniform flow calculations are adequate
to totally define the flow conditions associated with a given discharge. Transition
sections, channel junctions or confluences, channel bends, and hydraulic structures (e.g.,
culverts and bridges) can create major or minor deviations from uniform flow
conditions. Therefore, the engineer must consider these deviations {covered elsewhere
in this manual) when designing or analyzing drainage channels.

Uniform Flow: For a given channel condition of roughness, discharge, and slope, there
is only one possible depth for maintaining a uniform flow. This depth is the normal
depth, Y,. When roughness, depth and slope are known at a channel section, there can
only be one discharge for maintaining a uniform flow through the section. This
discharge 1s the normal discharge.

If the channel is uniform and resistance and gravity forces are in exact balance, the water
surface will be parallel to the bottom of the channel. This is the condition of uniform
flow; however, uniform flow is more often a theoretical abstraction than an actuality.
The engineer must be aware that uniform flow computation provides only an
approximation of what will occur; however, such computations are useful for planning.

The normal depth is computed so frequently that it is convenient to use special graphs
for various types of cross sections to eliminate the need for time consuming trial and
error solutions (see Figures 6.13 and 6.14, pages 6-65 and 6-66).

Equations 6.1 through 6.11 are presented to aid in determining fundamental quantities
in open channel flow—such as normai and critical depth and specific energy and design

6-14
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Table 6.3
Criteria for Using the Simplified Design Procedure
Artificial Channel Properiies
Simplified Design Procedurs

(Q < 2,500 cfs)
Type of Channel Lining™ | Side Slope, H:V | Maximuin Velocity, fps @
| Concrete®™ | Vertical® 15
Soil Cement 21 9
Grouted Rock 3:1 9
Riprap 301 g
Gabion Baskets 2:1 9 ©
Grass (irrigated & maintained) 4:1 2.5t06.09
Earth 4:1 2.5t06.07
(1 The values in this 1able are for channel sections with the same lining material for
bottom and sides. For conditions where the bottoms and sides of the channels are
different, the most eritical applicable criteria are to he used.
(2) Maximum velocities listed tor erodible linings are to be checked in each design to
assure that erosion will not oceur.
(3 The concrete lining elassification also includes mortar or concrete preumatically
applied (shoterete) (see Section 6.3.2.7, page 6-36).
(4 When using vertical sides, refer to Chapier 7 for design of reinforcemeni.
(5) Guideline only. Strict limits have not been set because this manual recommends that
these channels flow subcritically (see Critical Flow, page 6-16).
{6) Refer Lo Table 6.2,
) Refer to Table 6.1,
Note: 1. Compute the Freeboard using Equation 6.10 {page 6-21}, with minimums of 1

and 2 feet for channels designed for subcritical and supercritical flow,
respectively. For curved channel sections, refer to Equation 6.9 (page 6-20).

2. The criteria listed in this table are boundary values. The designer is responsible
for determining adequacy of criteria for each specific application. For design of
lining materials, analyses of soil conditions and subsurface drainage may be
reguired by the Flood Control District and/or other jurisdictional agencies.

January 18, 1994
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considerations of freeboard and minimum radius of cervature. See Section 6.1 for
definitions of the syimbols used in these equations.

Generally, it Is necessary 1o apply Manning's Formula (Equation 6.1) to sections of the
channel which have similar properties:

1.49
n

Vo ()RS

Multiplying velocity by the cross seciional area of flow results in:

¢ =VA

o
2
[

Because of variable channel cross sections and channel properties, uniform flow
computations are rarely used solely as the basis for open channel design. Normally, a
designer will use these values for conceptual level decisions. Decisions relative to
preliminary -and- final ~design requirements . should .be. made .through : backwater
determinations (see Section 6.4).

Critical Flow: Critical flow in an open chaunel or covered conduit with a free water
surface 1s characterized by several conditions. Some of them are:

«  The specific energy is a minimum for a given discharge.
e The discharge is 2 maximum for a given specific energy.

¢«  The velocity head is equal to half the hydraulic depth in a channel of sinall
slope.

72
po- Y -

2g

e

*  The Froude number is equal to 1.0.

With the presence of a free surface in an open channel, the force of gravity has an effect
on the state of flow. The effect of gravity on open channel flow is represented by the
ratio of inertial forces to gravitational forces. This ratio is known as the Froude number
(F.) and is computed by rearranging Equation 6.3:

v
o (gD)* (6.4)

For subcritical and supercritical flows . < 1 and F, > |, respectively.
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The Froude number (i) will be used in this cbapter as a design guideline. To avoid
sediment deposition, velocities should not be below 2 {ps.

1o v et mm s e o

E Due 10 erosion and scour of erodible channels and safety concerns with excessively
'Lhigh velocities, the recommended spper limit of I, is 2.0.

The specific energy (E) tn open channels is tbe sum of the depth of flow and the velocity
‘;ﬁe‘ad' PO S SR T B Lo - - B T T A R4 .
V2
E =Y+ — (6.5)
2g

A characteristic specific energy curve is made for a specific flow rate in a channel (see
Figure 0,16, page 5-68). Two depths of flow, called alternate depths, will exist for each
energy value; the lower depth will be supercritical and the higher depth will be
subcritical. As the energy approaches a minimum, toward Y, the alternate depths will
vary by small amounts. Minor changes in cross section, flow rate, channel roughness,

“or slope can cause the-flow to pass through critical flow and on to its alternate
depth—therefore, avoid the regime of flow near minimum specific energy. This flow
vhenomena is characterized by a wavy water surface, weak hydraulic jumps, and
unsteadiness in the flow.

In the subcritical region, as I, increases toward 1, the velocity increases and the depth
of flow decreases. As long as the velocity does not increase past the permissible velocity
shown in Table 6.3, short-lived instability of near critical flow is acceptable. On the
other hand, near critical flows in the supercritical regime may cause hydraulic jumps
with the minor changes in cross section, flow rate, channel roughness, or slope, as
mentioned above. This type of flow instability is undesirable for any duration, therefore
supercritical flow will be permitted only if the flow is well established in the
supercrilical flow regime.

- The guidelines in this manual restrict soil cement, grouted rock, riprap, and grass and
earth lined channels to subcritical flow.

The Froude Number limit for all types of channel linings is F, < 0.86. For concrete,
shotcrete, and mortar lined channels, the additional range of 1.13 < F < 2.0 is
allowed. So that flow will be stable, F, should not fall between 0.86 and 1.13.

Since critical flow 1s to be avoided, it is important to be able to calculate the critical
depth, Y,. Substituting Q*/A* for V* in Equation 6.3 yields:

QZ ~ A3
= = = 5.6
p T (6.6)
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Equation 6.6 is solved by successive approximation, and will only be satisfied for
critical flow for the given discharge and cross section. Manipulations of Equations 6.3
through 6.6 will yield simplified expressions to determine critical depth for common
prismatic channels (see Handbook of Hydraulics, Brater and King, 1976). Only
Equation 6.6 is included here because it is a general relation that will be satisfied for a

channel of any cross section. The successful approximation of Y_ can be verified by
checkmg whether the 3per:1f1c energy in Equatlon 6.5 has been rmmrmzed

HUCTE S O T

In applylng Equatlon 6. 6 and solvmg for F in Equauon 6 4 1f the depth is found to be

at or near critical, the shape of the cross section or of the slope should be changed to
achieve greater hydraulic stability.

To simplify the computation of critical flow, Figure 6.14 (page 6-66) gives
dimensionless curves showing the relation between depth and the secuon factor, F_, for
rectangular, trapezoidal, and circular channels:

F, = A(D)"® ‘ ’ (6.7)

Roughness Coefficients: Roughness coefficients (n) for use in Manning's equation vary
considerably according to type of material, depth of flow, and quality of workmanship.
Table 6.11 (page 6-64) lists roughness coefficients for pipes, earthen and natural
channels and for various artificial channels.

If unsure of a specific value of roughness, the designer should check the possible range
of roughness coefficients to locate potential problems.

6.3.3.3 Design of Rigid Channels: To be able to use the Simplified Design Procedure,
the channel must be less than 2,500 cfs and “rigid.” To be considered rigid, both the
banks and the channel bottom must be stable. This generally results from the channel
layout and from grade control.

Layout: In general, channel layout should follow existing washes, swales, or
depressions.

Unless special exception is made by the governing agency, all artificial channels
must begin and end where, historically, runoff has flowed.

This requirement applies both to the point where water becomes channelized and the
point where runoff leaves the channel. This requirement is legal in nature as well as a
matter of preventing erosion and property damage that would not have occurred without
the drainage work being constructed. In addition, the water surface along the route
cannot be raised so that damages occur as if improvements had not been made.

6-18

January -28, 1996



Open Channels

Care should be taken not to choose routes which lengthen the channel sufficiently to
reduce channel slopes below that which will cause sediment deposition during low
flows. Use Equations 6.1 and 6.2 to verify this condition. Likewise, channel layout can
be used to reduce excessive channel slopes nind the amount of grade control structures
that are required.

It is most important to achieve a good channel layout in conceptual and preliminary

+  layoutofthesuroundinglanduse.dn-general; the.radius-ef curvature should:netbedess. . ..

than three times the design flow top width.

Grade Control: There are many references to grade control requirements throughout this
chapter, and it is difficult to overstate its immportance. This section describes the benefits
ot grade control and the need for 1t in the design and assessment of channel stability.
Actual design of man-made grade conirol structures is discussed in Chapter 7.

Grade control must be established as a condition of using the Simplified Design
Procedure. It is a critical factor in the behavior of non-rigid channels. In its basic form,
grade control can be any-natural or man-made section of a channel that dees not permit
channel degradation or aggradation. Grade control is most often thought of as causing
water to pass through critical depth; however, this condition is not required to establish
grade control, Examples include: rock outcroppings, culverts under embankments, drop
structures, and bridges; however, not all drop structures, culverts. or bridges can be
considered as grade control structures. Channels with steep bottom slopes that cause
channels to meander can wash out embankments, as can culverfs and bridges plugged
by debris or that are too small for the flood event that occurs.

Grade control and channel slope are interrelated. [t does little good to establish grade
control within a specific reach of open channel, when the channel downstream is
headcutting or undergoing rapid deposition. When designing artificial channels, the
designer needs to assess the stability of the section(s) immediately downstream from the
segment under design. If there is evidence of ongoing downstream degradation, a grade
control structure will be required—at a minimum—to a depth sufficient to preclude
further headcutting in the channel.

Regardless of the size of watershed, a key design element, including conceptual layout,
is establishing whether or not grade control exists below the design section. General
degradation and aggradation is beyond the scope of this manual; however, references
are provided at the end of this chapter.

For each alternative investigated, the selected channel slope should result in a stable
channel, particularly for earth-lined channels. Within a reach of artificial channel, grade
control structures should be used as required to meet the requirements listed in Table
6.3.
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- i Design ofdeBections andscurves-forssupercntical flow .is beyond.the.scope.ofsthis v

Channel Curvature:

For channels with Froude numbefs less than 0.86, the ratio of the channel radius, r_,
(at the centerline) to the design width of the water surface shall be greater than 3.0.

manual; refer to Handbook of Hydraulics (Brater and King, 1976) and Open Channel
Hydraulics (Chow, 1959).

For Froude numbers greater than 0.86, the radius of curvature will be computed from
the formula:

2
oz 4;YT (6.8)

Curves in a channel cause the maximum flow velocity to shift toward the outside of the
bend. Along the outside of the curve, the depth of flow is at a maximum. This rise in the
water surface is referred to as superelevation. The shift in the velocity may cause
cross-waves to form, which will persist downstream when the flow is supercritical.
Severe erosion, deposition and reduced channel performance result from severe
curvatures in channel alignment. To minimize the effect due to channel bends, channel
curvature should only be used where topographic or other conditions necessitate their
use. If the flow is supercritical, special design criteria may need to be employed to
eliminate the downstream effects.

For superelevation under subcritical conditions, the following formula is generally used:

(6.9)

The freeboard requirements are to be added to the superelevated water surface elevation
for both subcritical and supercritical flow.
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Freeboard:

Required freeboard is computed according to the following formula;

FB - 0.25(Y+-Z—g:) (6.10)

T AN vl L T e e @@ L

The minimum freeboard value for rigid channels shall be 1 foot for subcritical and
2 feet for supercritical flows. Using a smaller freeboard in specific cases requires
prior approval of the governing agency.

Additional freeboard may be called for in specific cases if aggradation is substantial
during a single flow event.

Low Flow Channels: For channels with grass-or earth bottorns, it is recommended that
low flow channels (see Figure 6.1, page 6-8) be considered whenever the following
condition exists:

b
— > 1.40 (6.11
Y (6.11)

where V and Y are respectively, velocity and depth for the 100-year event.

The existence of frequent grade control structures may also preclude the requirement for
compound channel sections; however, where grade control structures are vused in
conjunction with low flow channels, the hydraulic structure should be matched to pass
flows within the low flow channel.

Supercrifical Flow: Supercritical flow in an open channel in an urbanized area creates
certain hazards which the designer must take into consideration. From a practical
standpoint, it is generally unwise to have any curvature in a supercritical channel.
Careful attention must be taken to insure against excessive osciilatory waves which may
extend down the entire length of the channel from only minor obstructions upstream.

In a supercritical channel, there shall be no change of cross-sectional shape or area at
bridges or culverts. Bridges or other structures crossing the channel must be anchored
satisfactorily to withstand the full dynamic load which might be imposed vpon the
structure in the event of major trash plugging. Concrete linings must be protected from
hydrostatic uplift forces which are often created by a high water table or momentary
inflow behind the lining from localized flooding.
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Backwater computation methods are applicable for computing the water surface profile
or the energy gradient in channels having a supercritical flow; however, the
computations must proceed in a downstream direction. The designer must take care to
insure against the possibility of unanticipated hydraulic jumps forming in the channel.

Design of deflections and curves for supercritical flow is beyond the scope of this
manual; refer to Handbook of Hyd} aulics (Brater and ng 1976) and Open Channel

~sftydranlics (Chew; 1959).-- SR SR s g

6.3.3.4 Preliminary Design: It is important that major design issues be identified and
decisions about them made before proceeding into final design. In addition to the master
plan consideration of the initial route, downstream control, and channel type, there are
a number of technical items that must be evalvated prior to commencing final design.
Some of these issues are:

»  Control flow at the beginning and end of a channel reach to prevent damage to
existing channels.

+  Eliminate potential hydranlic jumps (this should only be an issue in concrete and
shotcrete channels). Hydraulic jumps will be permittied only in planned locations
at hydraulic structures (see Chapter 7).

»  Minimize the use of alignment deflection in supercritical flow.

e  The degree to which low flows affect channel stability and maintenance should
be reflected 1n the chosen channel cross section.

*  Determine safety requirements in conjunction with other hydraulic structures
and with the inlets and outlets of conduits,

»  Plan for possible secondary uses that can reduce urban costs by providing other
benefits.

»  Determine the need for freecboard requirements.

6.3.3.5 Final Design: Unless exempted by the governing agency, water surface profiles
must be computed for all channels during final design and clearly shown on a copy of
the final drawings. Computation of the water surface profile should use standard
backwater methods, taking into consideration all losses due to changes in velocity,
drops. bridge openings, and other obstructions (see Section 6.4). Other than supercritical
concrete lined channels, computations begin at a known point and extend in an upstream
direction for subcritical flow; this is why the channel should be designed from a
downstream direction to an upstreamn direction. It is necessary to show the energy
gradient on all preliminary drawings to help insure against errors. Whether or not the
energy gradient line is shown on the final drawings is optional.
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Remember that open channel flow in urban drainage is usually non-uniform because of
bridge openings, curves, and structures. so backwater computations must be used for all
final channel design work (see Section 0.4).

€.3.3.6 Design of Non-Rigid Channels: Large washes and locations where urbanized
channels discharge into non-urbanized arcas are the most likely candidates for this type
of design. Non-rigid channel design requires special design skill and experience;
therefore, design parameters and procedures are not described in this manual. However,

-z checklist-for. design srequirements-and -a-list-of-references. that.address .non-rigid. .

chaonel design are included in Section 6.0.

Non-rigid channel design can have economic benefits through reduced channel sections
using movable beds and {ixed sides. or permitting a channel to seek its own equilibrium
without constructing drainage facilities, In these instances, designers may be required
to develop caleulations to prove channel stability or to prove that the channel will
raintain its course within certain specified limits.

Natural Channels

In Maricopa County, floodplains teud to be wide, braided, and not permanently fixed
i1 one location. Furthermore, velocities tend to be high, causing difficulties for channel
modifications to be effective. Designers working in Maricopa County are, therefore,
mterested in the course of natural channels, especially where development will occur.
Other design interests include the existing washes into which drainage from
development will empty, and changes that occur in natural channels due to increases in
the volume of runoff that occurs from urbanization.

Floodplain analysis tends to be very complex; however, a basic understanding of the
behavior of natural channels and the methods of analysis can be very useful in the
overall approach to drainage design. A common requirement for many projects is
determining water surface profiles.

Natural channels tend to be in a steady state of change. Mountainous streams can be
rigid, yet, in a geologic framework, are in a constant state of headcutting. While some
mountainous regime channels exist, the natural channels that most commonly occur in
Maricopa County lie within alluvial materials that have been deposited over long
periods of time.

At transitions from natural to artificial channels, an array of problems can occur, Erosion
can occur where the artificial channel has a substantial increase in conveyance compared
to an upstream, natural channel. Becanse of their steep nature, the most common
problem associated with mountainous streams is the sedimentation that predictably
occurs where the natural channel interfaces with artificial channels which confine flows
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through development. Low flow channel sections may be required in the artificial
channels to move sediment. Sedimentation can be expected where attempts are made to
sharply deflect the direction of flow from the naturally steep channels. This condition
should be avoided.

In the more common alluvial cases, natural channels tend to deposit sediment and
meander during low flow periods (which is most of the time) and to erode and straighten
channel alignments during rare events. It is in this manner that the alluvial fans have

- . been formed (enerally af-alluvialanaterial-existsithen there is. some potential forthe-» ... -

stream to reoccupy the alluvial areas resulting from a period of high flows. Therefore,
it is necessary to acknowledge the potential for a natural channel to be ‘non-rigid’.

Floodplain analyses tend to overlook this tendency for a natural channel to move, and,
in many instances, this is an acceptable approach: however, the strict use of this
approach within urbanized areas can lead to unfortunate results. As a result, there is
often a need to utilize bank protection and hydraulic structures to selectively transform
a non-rigid, natural channel into a more rigid channel.

Unless a natural-channel.s steadily aggrading or degrading, the censtruction of roads
with adequately sized and protected bridges will significantly limit the lateral movement
capability of most channels. Notable exceptions in Maricopa County are the extensive
alluvial fan areas, which are outside the scope of this manual. Combined with bridges,
the selective use of bank protection and grade control structures can prevent a natural
channel from moving over a wide range of flow rates.

The entire hydrological approach to converting a natural waterway which has
historically transported water from rural lands to an urban major drainage channel is so
complex that applicable design criteria cannot be presented completely in this manual.
It will suffice here to state that the planning for use of such channels must be undertaken
with the full benefit of engineers with adequate experience in open channel flow, bed
stability, and sediment transport, together with experts in related fields.

6.4.1 Analysis of Natural Channels

The investigations necessary to insure that a natural channel will be adequate are
different for every waterway. Supercritical flow usually does not occur in natural
channels and frequent checks should be made during the course of the backwater
computations to insure that the computations do not reflect supercritical flow.

Because of the advantages which are available to a community by utilizing natural
waterways for urban storm drainage purposes, the designer should consult with experts
in related fields as to the methods of development. Where natural channels are used, the
usual rules of freeboard depth, curvature, and other rules applicable to artificial channels
do not apply. For instance, when laid out and developed for the purpose of being
inundated during the major runoff peak, there can be significant advantages if the
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destgner incorporales into the planning the overtopping of the channel and localized
flooding of adjacent areas. Using natural channels rcquires that primary attention be
given to erosive tendencies and carrying capacity adequacy. The floodplain of the
waterway must be defined so that adequatc zoning can take place to protect the
waterway frorn encroachment to maintain its capacity and storage potential.

Section 6.6 contains a checklist of technical issues that need to be addressed when
analyzing waterways in the vicinity of bridges and culverts. A general approach for

e Prepare cross sections of the channel for the major design runoff.
+  Investigate the bed and bank material as to the particle size classification.
»  Study the stability of the channel under future conditions of flow.

«  Examine channel and overbank capacity to determine adequacy for 100-year
runoff.

»  Examine velocities in natural channels 1o verify that critical velocity is not
exceeded for any section.

= [Define water surface limits so that the floodplain can be zoned.

*+  Useroughness factors (“'n” values) which are representative of non-maintained
channel conditions.

«  Divide the channel cross sections into units of similar properties for
determination of water surface profiles.

¢ Specify the use of drops or check dams to control water surface profile slope,
particularly for more frequently occurring storm runoff.

e Prepare plans and profiles of the floodplain. Make appropriate allowances for
future bridges which will raise the water surface profile and cause the floodplain
to be extended.

«  Evaluate the freeboard with reference to proposed non-drainage structures.

Filling of the flood fringe reduces valuable storage capacity and tends to increase
downstream runoff peaks. Filling should not be used in the urban waterways where
hydrographs tend to rise and fall sharply.

6.4.1.1 Requirements for Natural Channels: Washes which traverse land designated
jor a proposed development may be left in their natural state provided that doing so
would not be in conflict with an approved master drainage plan for the area—if one
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exists—and provided that the development is adequately protected from flooding and
erosion. ‘

According to ARS 48-3609.A, during the course of the Master Planning process, the
100-year runoff will be used to delineate a floodplain for major channels with
discharges of more than 500 cfs and will be processed through the local
jurisdictional agency, ADWR, and FEMA.

One method of developing in the vicinity of a natural wash is to keep all structures out
of its 100-year floodplain, as well as its attendant erosion-hazardous areas. Another
possible method of developing in the vicinity of natural washes is to utilize part of the
floodplain for development, while leaving the channel 1n its natural state. However, the
approach would involve demonstrating that: 1) the encroachment would not adversely
affect adjacent properties; and 2) the development would be located ountside of any
erosion-hazard areas which border the natural wash.

Encroachments into the floodplain of a natural water course are to _'bc‘ analy_zed
| according to FEMA requirements, a ‘

The maximum rise in water surface shall not exceed those listed for the local regnlating
entity. As with all floodplain encroachments, the development must be adequately
protected from flooding and erosion, and must not violate restrictions imposed by
master drainage plans.

At no time should an encroachment adversely affect the stability of a water course
or adversely alter flooding conditions on adjacent properties. When encroachment
is proposed within the floodplain of a major watercourse, the regulating entity may,
at its discretion, request that a detailed study be performed to determine if a
reduction in overbank flood storage will significantly affect downstream flood
peaks,

6.4.1.2 Applicable Methodologies:

Normal Depth and Velocity: If the depth and direction of the flow in an open channel
are nearly constant (i.e., steady, uniform flow conditions), the flow regime is said to be
“normal,” and the hydraulic characteristics of the channel can be evaluated by using the
Manning's Equation (Equation 6.1).

When delineating natural floodplains using the Manning's equation, it is important to
ensure that the energy grade line (EGL), slopes continuously in the downhill direction.
The energy grade line is defined as a line connecting points of known total head or total
specific energy, E, as computed by Equation 6.5.
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Iiz the cases where the slope of the 2nergy grade line does naot nearly ¢qual the channel
hed slope, it is nol reasonable fo vwse a uniform flow approach, and backwater
caleulations must be made.

Eackwater Procedure: The previous section contained a brief discussion on computing
normal depth. which assumes that changes in discharge, bed slope, and cross-sectional
area and form, occur relatively gradually, however, sudden changes will produce

waddittonal -turbulent «eneray «lossessawhichare . not-aceounted: for«in -the-Marning's.
equation. This may be particularly true in cases of sudden contractions and expansions
of the channel cross section.

in those instances where an upstrearn or downstream hydravlic control exists, the
Standard Step Method should be used for evaluating water surface profiles. The
srocedure for making Standard Step calculations is given in several easily obtainable
textbooks or references. An example form for the method is shown in Figure 6.15 (page
8-67). The designer can perform the Standard Step calculations using readily available
and well-documented computer programs such as HEC-2 (USACE, 1990) or HEC-RAS
(USACE, 1995a & b). These programs were developed by the U.S. Army Corps of
Engineers and are distributed through several vendors.

One advanlage of the Standard Step Method is that if the computation is started at an
assumed elevation that is incorrect for the given discharge, the resulting flow profile will
become more nearly correct with each succeeding cross section evaluated within a reach.
If no accurate elevation is known within or near the reach under consideration, an
arbitrary elevation may be assumed at a cross section far enough away from the
“starting” cross section to correct for any initial error.

The step computations should be carried upstream if the flow is subcritical, and
downstream 1f the flow is supercritical. Otherwise, step computations carried in the
wrong direction tend to make the results diverge from the correct flow profile.

For natural streams flowing under supercritical conditions, cnitical depth should be used
for determining the water surface profile. Velocities computed for the supercritical
profile, however, should be used to evaluate the scour potential.

There are a large number of applications related to open channel flow in which the
shape, or class of flow profiles are important to the designer. Figure 6.3 has been
included as a reference to determine the type of flow profile that may exist in an
artificial or natural channel.

6.4.1.3 Floodplain Widths and Depths in Channels with Compesite Hydraulic
Roughness: In the following sections, general analytical procedures are presented for
evaluating floodplain hydraulics, with an emphasis on determining floodplain widths
and flow depths in natural washes and constructed channels having non-uniform or
composite hydraulic roughness.
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Figure 6.3

Classification of Flow Portion of Gradually Varied Flow
(Chow, 1959)
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Cemposite Channels: The cross section of & watercourse or a street right-of-way may
be composed of several distinct subsections, with cach subsection having different
kydraulic characteristics, such as hydraulic roughness and average flow depth. For
example, an alluvial channel may have a primary, sand-bed channel which is bounded
orr both sides by densely-vegetated, overbank floodplains, or a flooded street section
may be bounded on both sides by landscaped front yards having shallower flood depths
and slower flow velocities.

il compesiie channelsdike these;he:discharge:is computedsfor each.sub-section-having . - .

distinct and different hydraulic characteristics, and the total computed discharge is set
zqual to the sum of the individual discharges. Similarly, the mean velocity for the entire
flow cross section 1s assumed to be equal to the total discharge divided by the total water
area. Open-Channel Hydraulics (Chow, 1959), provides an example of computing flow
in channels having composite roughness.

Manning’s Roughness Coefficients: Manning’s roughness coefficients (see Table 6.11,
page 6-64), for use in water surface profile calculations, should be carefully estimated
by experienced engineers. The estimates should include consideration that roughness
nay vary with flood stage,-depending on such factors as the width-depth ratio of the
walercourse; presence of vegetation in the main channel and the overbank areas; the
types of materials making up the channel bed; and the degree of meandering. Additional
information concerning Manning’s roughness coefficients can be found in Thomsen and
Hjalmarson (1991), Davidian (1984), and Aldridge and Garret (1973).

In the urban setting, it is not unusual for buildings and other structures to occupy a
significant portion of any given hydraulic cross section. Under these circumstances, it
is often difficult to estimate both the effective width of the cross-section and the
Manning's roughness coefficient for the overbank areas. When faced with such a
situation, the engineer should eliminate the portion of the cross section occupied by the
building.

Where only an estimate of the computed water surface elevation is needed, a second
option may be selected: use the adjusted urban roughness coefficient, n,, with the total
cross-sectional area, (Hejl 1977). See Figure 6.4.

w, ZIL,

n,=n (L5 sw I
[ T

"

-0.5) (6.12)

Wr )+ (1-
W,

where all coefficients are as defined in Section 6.1.
0.4.1.4 Related Issues:
Maintenance: In many instances, specific maintenance access requirements are required

by the local entity and/or the Flood Control District. In planning and designing open
channels, the designer should determine these requirements at the outset of the project.
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Diagram of Idealized Urban Floodplain
(Hejl. 1977, Journal of Research, U.S. Geological Survey)
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Development in Floodplains: Development in areas outside of the floodway in
designated floodplains is permissible as long as floodplain and zoning regulations are
met. The advance planning of developments that may be affected by the floodplain
regulations requires a thorough understanding of floodplain regulations and drainage
standards and may also require an engineering background in open channel hydraulics,
river mechanics, and sediment transport,

6.5 Channel Linings

The type of channel lining which may be best suited for a particular purpose will depend
upon a variety of factors, including hydraulic conditions, economic factors, soil
conditions, material availability, aesthetics, and compatibility with existing
improvements at the site. The following lining types are acceptable within their range
of applicability.

6.5.1 Seil Cement

Soil cement has been shown to be an effective and economical method for slope
protection and channel lining in the Maricopa County area.

0.5.1.1 Materials: A wide variety of soils can be used to make durable soil cement. For
maximum economy and most efficient construction, it is recommended that:

1. The soil contain no material retained on a 3-inch (735 mm) sieve;

2. Between 40 percent and 80 percent pass the No. 4 (4.75 mm) sieve; and
3. Between 2 percent and 10 percent pass the No. 200 (0.074 mm) sieve.
4. The Plasticity Index (PI) of the fines should not exceed 10.

If the on-site material does not meet these guidelines, the addition of import material
may be necessary. Standard laboratory tests are available to determine the required
proportions of cement and moisture to produce durable soil cement. The design of most
soil cement for water control projects is based on the cement content indicated by
ASTM testing procedures and increased by a suitable factor to account for direct
exposure, erosion or abrasion forces.

The Portland cement should comply with one of the following specifications: ASTM
C150, CSA A5, or AASHTO MSS5 for Portland cement of the type specified; or ASTM
C595 or AASHTO M240 for Portland blast-furnace slag or Portland pozzolan cement,
excluding slag cements Types S and SA.

January 28, 1996 6-31



Drainage Design Manual for Maricopa County, Volume II, Hydraulics

6.5.2

It is important that testing to establish required cement content be done with the specific
cement type, soil, and water that will be used in the project.

Typically, soil cement linings are constructed by the central-plant method, where
selected on-site soil materials, or soils borrowed from nearby areas, are mixed with
Portland cement and water and transported (o the site for placement and compaction.

<16,8:1.2 Design-ofSeil -Cement-Linings: Figure -6.5 shows: a~composite~channel - -

consisting of an earth bottom with soil cement stabilization along the banks. On side
slopes, the soil cement is often constructed by placing and compacting the material in
horizontal layers stair-stepped up the slope. The rounded step facing results from
ordinary placement and compaction methods. Generally an 8 to 8.5 foot minimum
working width is required for placement and compaction of the soil cement layers by
standard highway construction equipment. Figure 6.6 shows the relationship between
slope of facing, thickness of compacted horizontal layer, horizontal layer width and
minimum facing thickness measured normal to slope. For a horizontal working width
of 8 feet, a side slope of 3:1 and 6-inch thick layers, the resulting minimum thickness
of facing wouldbe about 2 feet, measured normal to theslope.- R

An important consideration in the design of the soil cement facing is to ensure that all
extremities of the facing are tied into non-erodible sections or abutments. The upstream
and downstream ends of the facing should terminate smoothly into the natural channel
banks. A buried cutoff wall normal to the slope or other measures may be necessary to
prevent undermining of the soil cement facing by flood flows.

To protect against undermining of the soil cement layer by lateral inflows, the top of the
lining should be keyed into the ground, as shown in Figure 6.2. As with any impervious
channel lining system, seepage and related uplift forces should be considered and. if
required, appropriate counter-measures provided, such as weep holes or subdrains,
Tributary storm drain pipelines can normally be accommodated by placing and
compacting the soil cement by hand, using small power tools, or by using a lean mix
concrete. For earthen channels with soil cement side slope protection, the lining should
be designed to extend to the anticipated depth of total scour.

Concrete Lined Channels

Reinforced concrete and shotcrete are alternative lining materials for channels with
limited right of way and/or high velocity flow. The most common problems of concrete
lined channels are due 1o bedding and liner failures. Typical failures are: 1) liner
cracking due to settlement of the subgrade; 2) liner cracking due to the removal of bed
and bank material by seepage force; and 3) liner cracking and floating due to hydrostatic
back pressure from high groundwater.
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Lack of maintenance can result in vegetation growth through the concrete lining and
sediment deposition in the channel which will increase the flow resistance. This
reduction in channel capacity can cause overflow at design discharges and,
consequently, permit the erosion of overbank material and failure of concrete lining,

6.5.2.1 Flow Regime Considerations: Concrete lined channels are usually designed for
flow conditions where the Froude Number exceeds 1.13 and/or when velocities exceed
five feet per second for earth lined channels. Froude Numbers for supercritical flow shall
~be-greater-than-111 3 anddess than2:0:
number falls between 0.86 and 1.13 and must be avoided.

Supercritical flow in an open channel in an urbanized area creates certain hazards which
the designer must take into consideration. From a practical standpoint it is generally
unwise to have any curvature in a supercritical channel. Careful attention must be taken
to prevent or control excessive oscillatory waves which may extend down the entire
length of the channel from only minor obstructions upstream. Imperfections at joints
may rapidly cause a deterioration of the joints, in which case a complete failure of the
channel can readily occur. High velocity flow can enter cracks or joints and create uplift
forces by the conversion-of velocity-head to pressure-head-causing damage to the
channel lining. It is evident that when designing a lined channel with supercritical flow,
the designer must use utmost care and consider all relevant factors.

All concrete lined channels must have continuous reinforcement extending both
longitudinally and laterally. For channels carrying supercritical flow, there shall be
no reduction in cross sectional area at bridges or culverts, or any obstructions in the
flow path.

Bridges or other structures crossing the channel must be anchored satisfactorily to
withstand the full dynamic load which might be imposed upon the structure in the event
of major debris blockage. Tributary storm drain pipelines must not protrude into the
channel flow area.

6.5.2.2 Lining Criteria: Generally, if slopes steeper than 2:1 are used, then safety and
structural requirements become a primary concern. To determine the thickness of the
lining refer to ADOT's Urban Highways Charnnel Lining Design Guidelines, February,
1989. Design of the lining should include consideration of anticipated vehicular loading
from maintenance equipment. Joints in the lining should be designed in accordance with
standard structural analysis procedures with consideration of the size of the channe],
thickness of the lining and anticipated construction techniques. The concrete lining must
be keyed into the adjacent overbanks as shown on Figure 6.2, page 6-9.

6.5.2.3 Roughness Coefficient: The roughness coefficient for a concrete lining can vary
from 0.011 for a troweled finish to 0.020 for a very rough or unfinished surface. For
shotcrete, roughness coefficients can vary from 0.016 to 0.025. The accumulation of
sediment and debris must be taken into account when determining the roughness
coefficient.
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6.5.2.4 Bedding: l.ong-term stability of concrete lined channels depends in part on
proper bedding. Undisturbed soils often are satisfactory for a foundation for lining
without further treatment. Expansive clays are usually an extreme hazard to concrete
lining and should be avoided. A filter underneath the lining is recommended to protect
fine material from creeping along the lining. A well-graded gravel filter should be
placed over the channel bed prior to channel lining with concrete.

<6:5.2:5* T ransitions:“Since ‘concrete-lined-channels-are-often used-at locations where: = #-

excessive seepage exists or smaller channel cross sections are required, transitions will
be required both upstream and downstream of the concrete lined channel to ensure
control of flood flows, prevent undermining of the lining and reduce turbulence.
Transitions should be lined with concrete or riprap to reduce scour potential.

Cutoff walls should be incorporated with transitions at both the upstream and
downstream end of the concrete lined channel to reduce seepage forces and prevent
lining failure due to scour, undermining, and piping. The depth of cutoff walls should
extend below the expected scour depth. Determination of expected total scour depth
requires specialized analyses that are beyond the scope of this-manual-Reterences are
listed at the end of this chapter.

6.5.2.6 Underdrainage: The probability of damaging the concrete lining due to
hydrostatic back pressure and subgrade erosion can be greatly reduced by providing
underdrains. There are two types of artificial drainage installations. One type consists
of 4- or 6-inch diameter perforated pipelines placed in gravel-filled trenches along one
or both toes of the inside slopes. These longitudinal drains are either connected to
transverse cross drains which discharge the water below the channel or to pump pits, or
extend through the lining and connect to outlet boxes on the floor of the channel. The
outlet boxes are equipped with one-way flap valves which prevent backflow and relieve
any external pressure that is greater than the water pressure on the upper surface of the
channel bottom. The second type consists of a permeable gravel blanket of selected
material or sand and gravel pockets, drained into the channel at frequent intervals (10
to 20 feet) by flap valves in the channel invert. Figure 6.7 shows a drawing of a flap
valve for use without tile pipe and in a fine gravel and sand subgrade. Both the tile and
pipe system and the unconnected flap valve type must be encased in a filter that will
prevent piping of subgrade material into the pipe or through the valve. For detailed
underdrains refer to Lining for Irrigation Canals (USBR, undated).

Where a lesser degree of seepage control is warranted, weep holes spaced at appropriate
intervals may be used. When embankment safety may be compromised or when ground
levels may be raised by draining from the lined channel, weep holes may be equipped
with flap valves or other measures that allow seepage relief but prevent backflow or
introduction of surface water behind the lining.

6.5.2.7 Shotcrete: The shotcrete process has become an important and widely used
technique. Shotcrete is mortar or concrete pneumatically projected at high velocities
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- Agwa-channel-dining;shetcrete-is«an weceptable-method -of -applying concrete-with a-

6.5.3

onto a surface. In the past, the term ‘gunite’ was commonly used to designate dry-mix
mortar shotcrete. The term 15 currently outdated and ‘shotcrete’ has become the trade
name for all pneumatically applied dry-mix or wet-mix concrete or mortar.

ACI 506R (1985). discusses the properties, applications, materials, reinforcement,
equipment, shotcrete crews, proportioning, batching, placement, and quality control of
the shotcrete process.

general improvement in density, bonding, and decreased permeability. The same design
considerations discussed in Sections 6.5.2.1 to 6.5.2.6 apply in the design of shotcrete
channels.

Riprap Line hannels

Graded riprap can be an effective lining material if properly designed and constructed.
The choice of riprap usually depends on the availability of graded rock with suitable
material properties and at a cost that is competitive with alternative lining systems.

Riprap design involves the evaluation of five performance areas. These areas include the
evaluation of:

«  riprap quality;

«  riprap layer characteristics;
*  hydraulic requirements;

. site conditions; and

¢ river conditions.

In Arizona, site requirements and river conditions are important factors in the protection
of bridge structures and flood control channels.

6.5.3.1 Riprap Quality: Riprap quality determination refers to the physical
characteristics of the rock particles that make up the bank protection. Qualities
determined to be most important include density, durability, and shape. Requirements
for each of these properties are summarized in this section.

Specific Gravity (Densify): The design stone size for a channel depends on the particle
weight, which is a function of the density or specific gravity of the rock material. A
typical value of specific gravity in Maricopa County is 2.4. All stones composing the
riprap should have a specific gravity equal to or exceeding 2.4, following the standard
test ASTM C127.

Durability: Durability addresses the in-place performance of the individual rock
particles, and also the transportation of riprap to the construction site. In-place
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deterioration of rock particles can occur due to cycles of freezing and thawing, or can
occur during transportation to the site. The rock particles must have sutficient strength
to withstand abrasive action without reducing the gradation below specified limits.
Qualitatively, a stone that is hard, dense, and resistant to weathering and water action
should be used. Rocks derived from igneous and metamorphic sources provide the most
durable riprap.

Laboratory tests should be conducted to document the quality of the iock. Specified tests

~that-sheuld- be «used #o-determine .durability«include: -the durabiiity - index-test and
absarption test (see ASTM C127). Based on these tests, the durability absorption ratio
(DAR) is computed as follows:

Durability Index
Percent Absorption +1

DAR =

The following specifications are used to accept or reject material:

1. DAR greater than 23, material is accepted;

g

DAR less than 10, material is rejected;

e

AR 10 through 23:

a. Durability index 52 or greater, material is accepted; and,

b. Durability index 51 or less, material is rejected.

Shape: There are (wo basic shape criteria. First, the stones should be angular. Second,
not more than 25 percent of the stones should have a length more than 2.5 times the
breadth. The length is the longest axis through the stone, and the breadth is the shortest
axis perpendicular to the length. Angularity is a qualitative parameter which is assessed
by visual inspection. No standard tests are used to evaluate this specification.

6.5.3.2 Riprap Layer Characteristics: The major characteristics of the riprap layer
include: characteristic size; gradation; thickness; and filter-blanket requirements.

Characteristic Size: The characteristic size in a riprap gradation is the d,. This size
represents the average diameter of a rock particle for which 50 percent of the gradation
18 finer, by weight.

Gradation: To form an interlocked mass of stones, a range of stone sizes must be
specified. The object is to obtain a dense, uniform mass of durable, angular stones with
no apparent voids or pockets. The recommended maximum stoie size is 2 times the d,
and the recommended minimum size is one-third of the d,.
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Table 6.4
Riprap Gradation Limits
(USDOT. FHWA, HEC-11)

Stone Size Range Stone Weight Range Percent of Gradatien
1.5d, to 1.7 dg JOW, to 5.0W,, 100

12dy, to 144, T 20w, 10 275w, Cogs
1.0dg to 1.15dy, 10W,, 1o 1.5W, 50

0.4d;, to 0.6 dg, 0.1 W, o 0.2 W, 15

The gradation coefficient, G, should equal 1.5.

G = 0.5(dg/dsg+ d5y/dy5) (6.14)

Table 6.4 provides design gradations for riprap. As a practical matter, the designer
should check with local quarries and suppliers regarding the classes and quality of riprap
avatlable near the site.

Thickness: The riprap-layer thickness shall be the greater of 1.0 times the d,, value, or
1.5 times the d., value. But the thickness need not exceed twice the d ,, value. The
thickness is measured perpendicular to the slope upon which the riprap is placed.

Filter Blanket Requirements: The purpose of granular filter blankets underlying riprap
is two-fold. First, they protect the underlying soil from washing out; and, second, they
provide a base on which the riprap will rest. The need for a filter blanket is a function
of particle-size ratios between the riprap and the underlying soil which comprise the
channel bank. The inequalities that must be satisfied are as follows:

(dls)ﬁit‘er <5 < (dIS)ﬁlter < 40

6.15
(dSS )basc (dls)bm‘e ( Y

(dsn ) filte
— T < 40 6.15b
(dSU )ba.s‘e ( )
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[n these relationships, “filter” refers to the overlying material and “base” refers to the
underlying material. The relationships must hold between the filter blanket and base
material and between the riprap and filter blanket (USDOT, FHWA, HEC-15, 1988).

If the inequalitics are saiisfied by the riprap itself, then no filter blanket is required. If

the difference between the base material and the riprap gradations are very large, then

multiple filter layers may be necessary. To simplify the use of a gravel filter layer, Table
- sfrSeutlines recommended standard gradations. ve

The Type-1 and Type-II bedding specifications shown in Table 6.5 were developed
using the criteria given in Equations 6.15a and 6.15b, considering that very fine grained,
silty, non-cohesive soils can be protected with the same bedding gradation developed
tor a mean grain size of 0.045 mm. The Type-I bedding in Table 6.5 is designed to be
the lower layer in a two-layer filter for protecting {ine grained soils. When the channel
is excavated in coarse sand and gravel (i.e., 50 percent or more by weight retained on
the No. 40 sieve), only the Type-1I filter is required. Otherwise, two bedding layers
(Type-I topped by Type-II) are required. For the required bedding thickness, see Table
6.6.

Filter Fabric Requirements: The design criteria for filter fabric are a function of the
permeability of the fabric and the effective opening size. The permeability of the fabric
must exceed the permeability of the underlying soil, and the apparent opening size
{AQOS} ust be small enough to retain the soil.

The criteria for apparent opening size are as follows:

!.  For soil with less than 50 percent of the particles, by weight, passing a No. 200
sieve, the AOS should be less than 0.6 mm (a No. 30 sieve).

2. Por soil with more than 50 percent of the particles, by weight, passing a No. 200
sieve, the AOS should be less than 0.3 mm (a No. 50 sieve).

Filter fabric is not a complete substitute for granular bedding. Filter fabric provides
filtering action only perpendicular to the fabric and has only a single equivalent pore
opening between the channel bed and the riprap. Filter fabric has a relatively smooth
surface which provides less resistance to stone movement. Tears in the fabric greatly
reduce its effectiveness so that direct dumping of riprap on the filter fabric 1s not
allowed and due care must be exercised during construction. The site conditions and
specific application and installation procedures must be carefully considered in
evaluating filter fabric as a replacement for granular bedding material. Filter fabric can
provide an adequate bedding for channel linings along uniform mild sloping channels
where leaching forces are primarily perpendicular to the fabric.

Numerous failures have occurred because of the improper installation of filter fabric.
Therefore, when using filter fabric it is critical that the manufacture's guidelines for
installing it be followed.
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Table 6.5

Gradation for Gravel Bedding
(Simons, Li and Associates, 1989)

Standard Sieve Size TypeI™ Type ITY
3 inches - 90 to 100
1-1/2 inches. . R O
3/4 inch - 20 to 90
3/8 inch 100 -
#4 (4.75 mm) 95 to 100 0to 20
#16 (1.18 mm) 45 to 80 ;
#50 (0.30 mm) 10 to 30 -
#100 (0.15 mm) 2to0 10 -
#200 (0.075 mm) 0to?2 Oto3

(1) Percent passing by weight

Table 6.6
Thickness Requirements for Gravel Bedding
Minimum Bedding Thickness, inches
Coarse Grain
Fine Grain Native Soils Native Soils
Riprap
Classification Type I Type II Type ITI

6||, 8” 4 4 6

12" 4 4 6

18" 4 6 8

24" 4 6 8

30" 4 8 10

36" 4 8 10
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6.5.3.3 Hydraulic Design Eeguirements:

General: Channel linings constructed of placed, graded riprap or wire enclosed rock to
control channel erosion have been found to be cost effective whers channel reaches are
relatively short (.23 mule or less) and where a nearby source of quality rock is
available.

Situations where riprap or wire enclosed rock (gabion basket) linings may be
sappropriate-arer -~ o~ v - . : S S

1. Major flows are found to produce channel velocities in excess of allowable
non-e¢roding values;

2. Channel side slopes at 3:1 for riprap and 2:1 for enclosed rock linings; and

3. Where rapid changes in channel geometry occur, such as chanuel bends and
transitions.

This section presents design requirements for graded riprap, while Section 6.5.5 contains
additional design considerations specifically related to wire enclosed rock. Both
Sections are valid only for subcritical flow condifions where the Froude Number 1s 0.86
or less.

Riprap Sizing: Several reference sources are available for design procedures. Two
recommended sources are:

1. Design of Riprap Revetment (Federal Highway Administration, Hydraulic
Engineering Circular No. 11, Publication No. FHW A-IP-89-016, March 1989)

-2

Hydraulic Design of Flood Control Channels (Corps of Engineers, EM-1110-2-
1601, 1991)

The riprap sizing method presented here is from HEC-11, for a complete discussion on
this method the designer is referred to the original source of this method. This method
is based on tractive force (shear stress) theory but with velocity as its primary design
parameter. This is a blend between the two approaches of permissible velocity and
permissible tractive force. The hydraulic assumptions are uniform, steady, subcritical
flow. However, adjustments to the design equation are provided for other regimes and
conditions such as gradually varying flow and approaching rapidly varying flow. In this
method, the riprap size is selected such that the flow induced tractive force does not
exceed the critical shear stress of the riprap. The critical shear is based on Shield's
relationship, a function of specific weight of water, specific weight of the riprap
material, the median rock size (d,), Shields parameter, and a factor that is a function of
the bank angle and riprap's material angle of repose. The average shear stress or tractive
force exerted by flowing water is the product of unit weight of water, energy grade line
slope and hydraulic radius. These two equations are combined to develop the design
tractive force relationship in terms of a stability factor (SF). The stability factor is
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defined as the ratio of the average tractive force exerted by the flow field and the riprap
materials critical shear stress. Therefore if the stability factor is greater than 1.0, the
critical shear stress is greater than the flow induced tractive stress and the riprap is
considered stable. :

For the HEC-11 method the dg, (ft) is deterimined by:

Where V, (ft/s) is the average velocity in the main channel, D (ft) is the average tlow
depth in the main channel, and K| 1s the bank angle correction factor. The bank angle
correction factor is determined using equation 6,17,

sin’ 6
K, =[1- m 13 (6.17)

Where 0 is the bank angle with the horizontal, © is the riprap material’s angle of repose.
The bank angle correction factor can also be determined using Figure 6-9. The riprap
material’s angle of repose can be determined using Figure 6-8.

Equations 6.16 is based on arock riprap specific gravity of 2.65, and a stability factor
of 1.2. Equations 6.18 and 6.19 present correction factors for other specific gravities
and stability factors.

2.12
C - &ls |
5g (S‘_ _ 1)15 (618)
Where 5, is the specific gravity of the rock riprap
SF. 1%
Cr=(— 6.19
o~ 2 (6.19)

Where SF is the stability factor to be applied. Table 6.7 presents guidelines for the
selection of an appropriate value for the stability factor.

The correction factors computed using equations 6.17 and 6.18 are multiplied together
to form a single correction factor C. This correction factor is then multiplied by the
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riprap size computed from equation 6.16 {o arrive at a stable riprap size.

The stability facior is used to reflect the uncertainity in the hydraulic conditions at a

particular site. Equation 6.16 is based on the assumption of uniform or gradually varying

SJow. In many instances, this assumption is violated or other uncertaintes come to bear,

for example, debris and/or ice impacts, or the cumulative effect of high shear stresses

and forces from wind and/or boat generated waves. The stability factor is used to

icrease the design rock size when these conditions must be considered. Table 6.7
- presents-guidelines-for-the selection-of-an-apprepriate value for the stability factor.

The minimum thickness of riprap linings shall be the greater of 1.0 times d 4, or 1.5
times d..

Table 6.7

Stability Factors
(USDOT, FHWA, HEC-11, 198%)

Stability Factor

ondition
¢ Range

Uniform Flow: Straight or mildly curving reach (curve radius/channel
width > 30); Impact from wave action and floating debris is mintmal; 1.0-1.2
Little or no uncertainty in design parameters.

Gradually Varying Flow: Moderate bend curvature (30 > curve
radius/channel width > 10); Impact from wave action and floating 1.3-1.6
debris is moderate.

Approaching rapidly varying flow: Sharp bend curvature (10 > curve
radius/channel width); Significant impact potential from floating debris
and/or ice: Significant wind and/or boat generated waves (1-2 ft); High 1.6-2,0
flow turbulence: Turbulently mixing flow at bridge abutments;
Significant uncertainty in design parameters.
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6.5.4 Grouted Rock

e wrockdblanket. With+the facecocks-exposed fopamaximum-of.one-fourth4o.one-third.of ... .

6.5.4.1 General: Grouted rock is a structural lining comprised of a blanket of rock that
is interlocked and bound together by means of concrete grout injected into the void
spaces to form a monolithic revetment, The grout must extend the full thickness of the

their depth.

Grouted rock provides a stable lining similar to concrete with the added advantage of
a higher roughness factor due to the rock surfaces projecting above the grout layer.
However, it is a rigid revetment that does not conform to changes in bank geometry due
to settlement, and is susceptible to failure from undermining and the subsequent loss of
the supporting bank material.

6.5.4.2 Materials:

Rock: Rock for grouting should conform to the property requirements described in
Section 6.5.3.1. Graded riprap should not be used for grouting, as the smaller rock in a
graded mix occupies the void spaces to be filled with grout. Figure 6.10 illustrates the
relationship between the design velocity and the required riprap blanket thickness for
grouted rock designs. The median rock size should not exceed 0.67 times the blanket
thickness and the largest rock used should not exceed the blanket thickness. A class of
riprap from Table 6.5 may be specified, with the requirement that rock smaller than the
ds, size be removed. Additional details on grouted rock may be found in Chapter 7.

Grout: The grout mix should be specified to provide the strength and durability required
to meet the specific application. The minimum 28-day compressive strength shall be
2,000 psi and the slump shall be within a range of 4 to 7 inches. The stone aggregate
should conform to the gradation requirements of Size Number 8 course aggregate (3/8
inch to No. 8) as specified in ASTM C-33. A maximum of 30 percent of the cementous
material may be fly ash (ASTM C-618, Type C or F). Fiber reinforcement may be added
to the grout to provide additional control of shrinkage and cracking.

6.5.4.3. Design Considerations: Since grouted rock is a structural lining similar to
reinforced concrete, it 18 subject to the same design considerations. Rock must be sized
for the anticipated hydraulic design conditions. Foundation conditions must be evaluated
and provisions made for underdrainage and seepage control. If only bank protection is
to be provided, the grouted rock protection must extend below the channel invert to a
depth below the estimated depth of total scour. Determination of estimated depth of total
scour requires specialized analyses that are beyond the scope of this manual. References
are listed at the end of this chapter. For more detailed analysis of grouted rock, refer to
FHWA's HEC-11.
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Required Blanket Thickness of Grouted Rock
(USDOT, FHWA, HEC-11, 1989}

6.5.5 Wire Enclosed Rock (Gabion Baskets)

6.5.5.1 General: Wire enclosed rock refers to rocks that are confined by a wire basket
so that they act as a single unit. The wire mesh enclosed rock units are also known as
gabion baskets or gabton mattresses. One of the major advantages of wire enclosed rock
is that it provides an alternative in situations where available rock sizes are too small for
ordinary riprap. Another advantage 1s the versatility that results from the regular
geometric shapes of wire enclosed rock. The rectangular blocks and mats can be
fashioned into almost any shape that can be formed with concrete. The durability of wire
enclosed rock is generally limited by the service life of the galvanized binding wire
which. under normal conditions, is considered to be about 15 years. Water carrying silt,
sand or gravel can reduce the service life of the wire. Also, water which rolls or
otherwise 1noves cobbles and large stones breaks the wire with a hammer and anvil
action and considerably shortens the life of the wire. The wire has been found to be
susceptible to corrosion by various chemical agents and is pasticularly affected by high
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sulfate soils. If corrosive agents are known to be in the water or soil, a plastic coated
wire should be specified.

Wire enclosed rock 1s not maintenance free and must be periodically inspected to
determine whether the wire is sound. If breaks are found while they are still relatively
small, they may be patched by weaving new strands of wire into the wire cage. Wire
enclosed rock installations have been found to attract vandalism. Flat mattress surfaces
seem to be particulariy susceptible to having wires cut and stones removed. Tt is

= recommendedsthat,swhere-possiblessmattress .surlaces be-buried, wherethey. are less. . .

prone to vandalism. Wire enclosed rock installations should be inspected at least once
a year under the best circumstances and may require inspection every three months in
vandalism prone areas in conjunction with a regular maintenance program. Mattresses
on sloping surfaces must be securely anchored to the surface of the soil as discussed in
Section 6.5.5.3.

6.5.5.2 Materials:
Rock and Wire Enclosure Requirements: Rock filler for the wire baskets should meet

the rock property requirements for ordinary riprap. Rock sizes and basket characteristics
should meet the manufacturer's specifications.

- Bedding Requirements: Long term stability of riprap and gabion erosion protection is

strongly influenced by proper bedding conditions. A large percentage of all riprap
failures are directly attributable to bedding failures, which is particularly disturbing in
light of the fact that over half of all riprap installations experience some degree of failure
within 10 years of construction. Refer to Section 6.5.3.2 for gravel bedding or filter
design.

6.5.5.3 Design Considerations: The geometric properties of wire enclosed rock permit
placement in areas where ordinary riprap is either difficult or impractical to place.
Proper design and construction is important to successful operation and lifetime
performance.

Slope Mattress Lining: Tigure 6.11 shows a typical configuration for a gabion slope
mattress channel lining. Mattresses and flat gabions on channe] side slopes need to be
tied to the banks by 1-inch diameter steel pipes driven 4 feet into tight, solid soil (clay)
and 6 feet into loose soil (sand). The pipes should be located at the inside corners of
basket diaphragms along an upslope (highest) basket wall, so that the stakes are an
integral part of the basket. The exact spacing of the stakes depends upon the
configuration of the baskets, however the following is the suggested minimum spacing:
stake every six feet along and down the slope, for 2:1 slopes and every 9 feet along and
down the slope for slopes flatter than 2:1. Channel linings should be tied to the channel
banks with gabion counterforts (thickened gabion sections that extend into the channel
bank) at least every 12 feet. Counterforts should be keyed at least 12 inches into the
existing banks with slope mattress linings to counteract longitudinal movement.
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Figure 6.11

Slope Mattress Lining
(Wright-McLaughlin Engineers, 1969)

6.5.6 Toe Protection

6.5.6.1 General: Scour at a poorly designed toe of a channel bank is one of the major
causes of failure of riprap or gabion protection measures. These failures result when the
foundation of the bank protection measure is undermined by scour at the toe resulting
from local scour and/or general channel bed degradation. Proper design of protection
from toe scour involves two parameters. First, an estimate must be made of the
maximum scour expected to occur over the design life of the structure. Second, a rmeans
of protection must be provided for the maximum scour. The first parameter, scour depth
estimation, requires specialized analysis techniques by a qualified engineer. References
for scour and sediment transport analysis are included in Section 6.7. Means of
providing protection for the maximum scour-—once it has been determined—are
presented in this section,

6.5.6.2 Design Guidelines: The two methods of providing toe protection in alluvial
channels are:

1. To extend protection to the maximum estimated depth of scour; and

2. To provide protection that adjusts to the scour as it occurs.
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The first method is the preferred technique because the protection is initially placed to
a known depth and the designer does not have to depend on uncertainties associated
with the method that adjusts to the scour. The first method requires extension of the
bank protection into the excavated channel bed and is primarily used for placement in
ihe dry because of the expense and uncertainties of deep excavation that can frequently
encounter groundwater.

<ihe«main. advantage.of.the. second methed is the -elimination.-of .relatively .deep

excavation and related water control. The most frequently used material for providing
adjustable toe protection is riprap placed at the toe of the bank in a weighted riprap
configuration. The riprap moves downslope. as scour occurs, to form a protective cover.
Figure 0.12a shows the desirable configuration for a weighted riprap toe. Less
frequently used materials are gabion mattresses (see Figure 6.12b). These mattresses are
anchored to the bank protection and their riverward ends are allowed to lower as scour
occurs. Studies by Linder (1976) and the U.S. Army Corps of Engineers (December,
1981) on riprap toe protection arrived at the following conclusions:

1. Volume of rock in the weighted riprap toe is probably the most significant factor
in determining the success of the weighted riprap toe.

[

Toe shape has a definite influence on performance. Thin toes do not release rock
fast enough, which results in poor slope coverage. Thick toes release rock at a
greater rate than is needed. The thickness of the recommended toe ranges from
two to three times the thickness of the riprap bank protection. The recommended
toe shape is shown in Figure 6.12a.

3. Complex toe designs that are difficult to construct are not necessary.

4, Downslope rock movement occurred without significant movement in the
downstream direction.

5. Results from modeling and the subsequent prototypes show that the
recommended weighted toe designs launch at a slope slightly steeper than 2:1.

6. Toe volume in the physical model was approximately equal to the volume
needed to extend the bank protection to the maximum scour depth at a 2:1 slope.
Linder (1976) recommends a toe volume equal to 1.5 times the volume of
extending the bank protection to the maximum scour depth.

Weighted riprap toes have been used successfully for many years. However, success has
not been universal, A common factor among the failures appears to be the presence of
impinged flow on the bank. Therefore, the guidelines, herein, apply chiefly to flow
conditions parallel to the bank. Where impinged flow is likely, then analyses must be
made to determine an appropriate additional level of protection for such flow conditions.
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6.5.7

6.5.8

6.6

Grass Lined Channels

Appropriate grass cover for Maricopa County includes; alfalfa for dry Jand and Bermuda
grass for irrigated applications. Establishment or temporary irrigation will be required
in most situations (see Table 6.2).

The designer should coordinate work with the appropriate jurisdictional agency to
provide the most acceptable grass cover and irrigation method.

Other Forms of Channel Stabilization

Other, less common forms of channel stabilization may also be acceptable, provided that
it can be demonstrated tnat the particular stabilization method proposed is capable of
withstanding the hydraulic conditions which can occur within the channel.

Design Procedures

6.6.1

This section provides the user of this manual with checklists (procedures) to be followed
during design, and with examples of design computations that can be followed in order
to clarify the procedures that are used.

Artificial Channel

Table 6.8 is the checklist to be employed in the design of artificial channels. Most
applications in Maricopa County will be able to follow the Simplified Design Procedure.
Should conditions fall outside of the Simplified Design Procedure. the more rigorous
procedure, as shown in the remaining steps, must be completed. In some instances, the
conditions may be so complex that the design procedure for natural channels (see
Section 6.6.2) will be required. Determination of water surface profiles is not always
required; however, such a determination is necessary in all instances of spatially varied
flow (i.e. side channel spillways) and where obstructions cross the channel (i.e. culverts,
bridges, grade control structures, etc,

6.6.1.1 Conditions for Using the Simplified Design Procedure: The steps required for
the Simplified Design Procedure are marked with an asterisk in Table 6.8 and can be
used to design open channels that service minor drains and for major drains that meet
the following conditions:

. Grade control established, and

¢  Design parameters within those listed in Table 6.3,

6-54
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Table 6.8

_Design Checklist for Artificial Channels

[ ltem Section Reference
r#uﬁg.‘phiied Design Procedures
*  When simplified procedures can be used 6.6.1.1
When more thorough analysis is required 6.0.1.2
mmal Data
cAisting structures 2.3

Existing channel characteristics
I+ Existing grade control
existing flood performance characteristies
*  Scour observations
*  Existing stream development
* [ and use changes
Flood history
Rainfall/Runoff relationships

2.3,6.3.1,63.3.1
23,63.1,6.333

23

6.5.6

2.3

23

Drainage Design Manual, Volume |
Drainage Design Manual, Volume §

Possible Components and Sirategies

!
*  Channels
*  Alignment
*  Grade controf structures

6.3.2,6.5
6.3.3.3,6.3.34
2.3,6.3.3.3, Chapter 7

: Consideration for Right-of-Way

Migration

*  Location of grade control(s)

*  Hydrologic and hydraulic detail
*  Least total cxpected cost evalnation

Extreme flood evaluation of components and

alternatives

Environmental considerations
*  Documentation and comprehensive evaluation
*  Safety requirements

% Water level 2.3
Economic and Alternative Analysis
*  Designation of significantly different concepts
*  Type of lining 6.3.2.1,65
*  Type of cross sectiom 6.3.2.1.6.2.33
*  (Channel alignment 6.3.1,6.333

6.3.25.6.324,6333

6.3,3.2, Drainage Design Manual, Volume I

Not in chapter
Nat in chapter

23
23
6.3.2.5, Chapter 5

Hydraulic Analysis

*  Determination of control

Determination of type of flow profile

Normal depth calenlations

Water surface profile calculations

Bridge hydravlics

Channel lining

Supercritical channel hydraulics

Superelevation

* Drap structure hydraulics
Physical hydraulic models

*  Low flow channel

»

¥

X %

6.3.2.4, Chapter 7
6.4.1
6,332
64.1.2
Chapter 5
6.5
6.3.33
6.3.3.3
6.5

6.4
6.3.33

Sediment Transport Analysis

Required when simmplified design procedurs
cannol be used, reference to natural channels

Table 6.10, 7.1

Additional Considerations

Permanent record
Post construction data
Normal inspection (references}

* Required for Simplified Design Procedure

January 28, 1996
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#.6.1.2 Conditions Beyond the Scope of the Simplified Design Procedure: When the
conditions of the previous subsection cannot be met, it will be necessary to undertake a more
Jetailed analysis that includes all of the steps listed in Tables 6.8 and 6.9. Table 6.8 addresses
anaivtic requirements of natural channels and modifications that may be necessary to
ancommodate crossings of the waterways, such as bridges and culverts. '

6.%.2 Natural Channels

Detailed analyses of natural channels and non-rigid artificial channels are beyond the scope
of this manual; however, some understanding of the aspects of the analysis for non-rigid
channels is necessary to proceed with the design of rigid channels and to provide initial
analyses during the master planning phases, especially for lands adjacent to natural channels.
Tables 6.8 and 6.9 are included to provide prospective designers with a comprehensive list
of subjects that must be considered on adjacent developments and to plan effective
ceuntermeasures to potential adverse impacts.

In addition to normal resources a designer may have for analyzing non-rigid channels, four
specific resources that were used to develop Table 6.10 are listed at the bottom of that table.
Examination of these documents reveals the potential complexity of analysis of natural
channels in Maricopa County. Few naturally occurring channels will have sufficient grade
controls to be in equilibrium over the expected range of flows. This condition can have
significant impacts on the design of related structures, such as culverts, hydraulic drops, and
bridges. In addition, the designer should be alert to practices that are common within
channels, such as gravel mining, that can have significant impact on structures and on the
overall stability of the channel. It is very common for natural channels to move laterally
during larger storm events, and this potential condition can result in serious consequences
t0 adjacent land uses.
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Table 6.9
Design Checklist for Natural Channels

Open Channels

[~ ‘
Ttem

Section Reference

Initial Data

Existing structures
Channel characteristics
Existing flood performance characteristics
;. .Existing.grade control
Scour observations
Existing stream development
- Dams, diversions
- Flood control
- mining
Flood history
| Rainfall/Runoff relationships

6.4.1.2,64.13
6.4

64 .
632.1,656
66.2

Drainage Design Manual, Volume 1
Drainage Design Manual, Volume 1

Possible Components and Strategies

Hydrological & hydraulic detailing of alternatives
Least total expect cost evaluation
Extreme flood evaluation of component
Environmental considerations

* Documentation and comprehensive evaluation

Channels 6.45.5
Bridge components 6.4.1,6.6.2
River alignment control strategies, mitigation 6.4
Alignment control structures Chapter 7
Grade control structures Chapter 7
Non-Structural measures (easement, acquisition)

Economic and Alternative Analysis
Designation of significantly different concepts 6455

6.3.3.2, Drainage Design Manval, Volome I

Hydraulic Analysis

Determination of control

Determination of type of flow profile
Normal depth calculations

Water surface profile calculations

Bridge hydraulics

Sand bed formation determination

Sand bed roughness

Cobble, boulder, or riprap roughness determinations
Vegetation or combination lining roughness
Dune and antidune height

Supercritical channe] hydraulics

Drop hydraulics

Average characteristics

Physical hydravlic models

Figure 6.3, 6.4.1
6332

6.4.1.2
Chapter 5

Sediment Transport Analysis

Table 6.10, Table 5.5

Additional Considerations

Permanent record
Post constraction data
Normal inspection (references}
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Table 6.10
Design Checklist for Sediment Transport Analysis

Level I Sediment Transpert Analysis

Data Requirements

Determination of Plan Form Characteristics

Lane Relation and other Geomorphic Relationships
Aerial Photograph Interpretations

Bed and Bank Material Analysis

Land Use Changes

Flood History
Rainfall/Runoff Relationships

Level II Sediment Transport Analysis

Data Requirements

Watershed Sediment Yield

Detailed Bed and Bank Material Analvsis
Profile Analysis

Inciptent Motion Analysis

Armoring Potential

Sediment Transport Capacity
Equilibriom Slope Analysis

Sedunent Continuity Analysis
Quantification of Vertical and Horizontal Channel Response
Bend Scour

Low Flow Channel Incisement

Gravel Mining Impacts

Contraction Scour

Local Abutment Scour

Local Pier Scour

Cumulative Channel Adjustment

Level III Sediment Transport Analysis

Data Inventory Modeling
Watershed Sediment Modeling
Instream Mining Response

Single Event Stream Bed Modeling
Long Term Bed Modeling

Resources:

1. Laursen and Duffy, 1980
2. USDOT, FHWA. 1990
3. Sabol, Nordin, and Richardson, 1990

4. Simons, Li and Associates, 1985

6-58

January 28, 1996



Open Channels

6.6.3 Design Example

Improve a small earth lined channe] with incised low flow, bank and edge erosion S =
0.006 fu/ft, partially vegetated sandy silt material to convey 100-year design flow, Q,,,
= 565 cfs.

100 Year Water
Surfece ™

i \ Existing
- 1" Freeboard (Min.)- > : \ /éround Line

» LUlge avatlable channel width of 50 feet, with approximately 3 feet of depth.
» Provide grass-lined main channel with concrete-lined low flow.

» Llse 4:1 side slopes and provide minimum freeboard allowance.

Solution:

A. Use Manning's Equation {Equation 6.1) to determine channel capacity.

I. Find cross-sectional area of flow, [ Total area (A;) = area of low flow channel
{A,) + area of main channel (A_)) ].

Ap = Ay+AL
= (1.5)(3) + 3((18+42)/2)
= 7.5+ 90

Ap = 97.5¢f
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2. Find wetted perimeter and indjcate a 4" thickness for low flow wall.

PT = Plf + Pm(.

8.67 + (12.33 +24.7)
P, = 4571t

3. Find hydraulic radius.

R = A /P,
= 975/457
R = 213t

4, Determine Manning's “n” from Table 6.11.

Find compostte *n” value:
Concrete lined low flow: n =0.013
Grass-lined main channel: n = 0.025

(Piml.ﬁ)

1067
P

n =[x
r

Y (n;'5>;(Pm)<n,;;:*) e

T

no=
457
0.016+0.15
n o= [( )]0,67
45,7
n = 0.023

8.67(0.015)"% + 37.0(0.025)! 1067

[20033)+2(1.5)+5] + [(18-5.67)+2(3)(1* + 4% %5
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3. substimie values 0 solve for siepe and maviboly Equation 6.1 by A, and

FERTTAN S
(2 . (l -49 !, n-) ,"-‘\T ,‘Rﬂﬁ} SjCQ
S, = {Qn/{l49A R* 7V

= 56540:023)441:49) (97.5) (2.13)°7 1
5, = 0.0029 fuft
Since a channel bottom slope of 0.60029 {t/ft is sufficient to convey the design
flow of 563 cfs, the steeper existing 5, of 6.006 fi/ft will convey the flow with
a smalier cross sectional area. Equation 6.1 can be solved for A;R*® to
determine the actual cross section of flow:
, 0.67 = 0.3
AR = Qu/1495,

= 565 (0.023) / 1.49 (0.006)**

= 112.6 ft*Y

By rial and error,

Y, = 245ft

Ap o= 75+2.65((18 +37.6)/2) = 75.6 sf.

P, = 867+ ((18-567)+2(2.45) (1" +4)%%) = 41.2 ft, and
R = AJP, =756/412 = 1.83 11,

Flow ajong the channei at S, = 0.006 ft/ft has reduced the water depth by G.55
ft. Note that the composite “n” value has not chunged with the new values of P,
P... and Pq.

nct

B. Check velocity and Froude Number.
1. Check velocity.

Vo= /A

L)

a5 /75.6

i
Ln

Vo= 751ps>0fps

6 15 aliowable for Bermuda grass lined channels with srosion resistant soil only.
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2. Check the Froude number.

F =

T

F =

T

Y/ {gIJ)U.S
7571 (32.2)75.6)/(37.6) ;%

0.93 > 0.86

The chanuel is under near critical flow conditions and will not be stable at a
hottom channel slope of 0.006 ft/ft for the design flow. One solution is to
provide grade control structures to matntain S, = 0.0029 ft/ft, thereby having V
= QA = 565/97.5 = 5.8 fps and F, = V/(gD)** = 5.8/((32.2)(97.5/42))** = 0.67,
which is within the acceptable range of subcritical flow. See Chapter 7 for grade
control structures.

3. Check channel transitions (see Chapter 7).

C. Check freeboard requirement.

Using the revised slope of 5, = 0.0029 ft/ft, and velocity of V = 3.8 fps.

FB =

FB =

Use 1 ft.

Summary;

0.25(Y + V*/2g)
0.25(3+5.87/2(32.2) )
0.25 (3.52)

0.88 ft

Use grass lined channel with 4:1 side slopes.

Velocity = 5.8 fps; F. = 0.67, subcritical flow. See Table 6.2 for allowable grass and

soil types.

Channel slope = 0.0029 ft/ft << 0.006 fi/ft (existing).

Provide grade control.

Provide 1 foot minimum freebopard allowance.

Check flow velocities and hydraulic properties for other flows anticipated.
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Table 6.11
Manning's Roughness Coefficients

8}

~ Roughness Coefficient (n)

Channel Material Minimum | Normal | Maximum
| Corrugated metal Jeoo21 ) 0025 Y 000307

Concrete:

Trowel finish 0.011 0.013 0.015

Float finish 0.013 0.015 0.016

Unfinished (0.014 0.017 0.020

Shotcrete, good section 0.016 0.019 0.023

Shotcrete, wavy section 0.018 0.022 0.025
Asphalt @ 0.013 0.016 - 0:020
Soil cement 0.018 0.020 0.025
{Constructed channels with earth or sand bottom

Clean earth; straight 0.018 0.022 0.025

Earth with grass and weeds 0.020 0.025 0.030

Earth with trees and shrubs 0.024 0.032 0.040

Shotcrete 0.018 0.022 0.025

Soil cement 0.022 0.025 0.028

Concrete 0.017 0.020 0.024

Riprap 0.023 0.032 0.036
Natural channels with sand bottom and sides of:

Trees and shrubs 0.025 0.035 0.045

Rock 0.024 0.032 0.040
Natural channel with rock bottom 0.040 0.060 0.090
Overbank floodplains:

Desert brush, normal density 0.040 0.060 0.080

Dense vegetation 0070 | 0.100 0.160

(1) From: Simons, Li and Associates, 1988. Adapted from Chow (1959) and Aldridge and Garret (1973).

(2) Use maximum vajue when cars are present.
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7

7.1 Definition of Symbols

The following symbols are used in equations throughout Chapier 7:

o
|

Angular variation of sidewall with respect to channel centerline
= Kinetic energy correction coefficient

= Standing wave front angle

= Density of water, 1.94 Ibs sHft!

= Shear stress on the bed caused by the flow of water, psi
Specific weight, ib/ft’

= Area (subscripts as shown in the Figures), ft*

= Bottom width, ft

Trickle channel width, ft

Basin depth below downstream channel, ft

Drag force coefficient

= Coefficient of mean pressure fluctuations from mean pressure levels in

O T e< AT ™
]

AN

a

a hydraulic jump

C, = Coefficient of maximum pressure fluctuations from mean pressures level
in a hydraulic jump

C = Lane's Weighted-creep ratio

d, = Depth of basin tailwater =Y, + B, ft

dsy = Grain diameter corresponding to 50% passing, by weight (or mass), ft,
mm

d, = Depth of scour, ft

D Jet plutige height, ft

D, = Bedding layer thickness, ft

D Grout depth, ft

D = Distance to the hydraulic jump, main channel, it
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D = Distance to the hydraulic jump, trickle channel, ft

D = Drop number

D, = Rock depth, ft

EGL, = BEnergy grade line aulong the main portion of a drop

EGL, = = Energy grade line along trickle channel through a drop
= Water surface elevation of criteria depth at the crest of a drop

El = Elevation of crest of a drop at main channel invert drop

Ei,. -« .= . . .Hlevation ol crest:af.a drop.attrickle channel invert . - . . ... ..

Force at bend, 1b

Impact force of flow jet, Ib

Momentum force, 1b

Froude number = V/(gy )"’

Froude number upstream of the jump

Specific force, ft*

= Acceleration due to gravity, 32.2 ft/sec?

Height of the wingwalls above the main crest, ft

Height of hydraulic jump, ft

Head loss, ft

Depth of scour, ft

Velocity head, ft

= Head on the weir, ft

= Height of a baffle

= Height of seepage cutoff, ft
Desired drop across structure, ft

= Differential head between analysis points, ft
Total energy head at the crest of the main drop, ft

= Differential head, usually at a drop; the difference between the upstream
water surface (normal depth) to the downstream tailwater, or the head
difference between analysis points (e.g. to point of supercritical flow

o
] =
li H il

T
|

-,

!

-

T]

jon pli o o R 1 o]
- I’d
Ml |

%

=
<

o

a
®

(=5
.

=}

T DT T T T T

o

minimum depth), ft
= Total energy at the crest of the trickle channel, ft
= Head on structure for weighted-creep ratio, (headwater-tailwater), ft
= Approach length, ft
Design basin length, main channel, ft
Design basin length, trickle channel, ft
The drop length, for vertical hard drop the distance from the crest wall
to the point where the flow nappe contacts the basin floor, ft

Ial=N=:

=a

el el
5
|

e
|

= Nappe length, main channel, ft

Nappe length, trickle channel, ft
= Horizontal creep distance along contact surfaces less than 45 degrees, ft
= Length of the hydraulic jump (approximately 6 Y,), ft

(=N
g

-
=

Nalialolie
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Hydraulic Sfriectures

Length of scour, ft :

Vertical creep distance along any contact surfaces greater than 45
degrees, ft

Mass rate of flow, b s/ft = pQ

Manning roughness coefficient

For a vertical drop structure, the height of the weir crest above the
approach channel, ft

- wMaximumepressute-fluctuation.at.a given docation.within 4 -hydraulic.

jump, psi

Discharge per unit width, cfs/ft

Discharge per unit width of crest, cfs/ft

Discharge per unit width of the main channel at drop, cfs/ft
Discharge per unit width of the trickle channel at drop. cfs/fi
Maximum design discharge, cfs

Channe] centerline radius of curvature, ft

Hydraulic radius, ft

Bed or drop slope (S is also used), ft/ft

Top width of flow in the channel, ft

Tailwater depth, ft

Critical velocity, ft/s

Velocity, ft/s

Width, ft

Width of scour, ft

Depth of flow, ft

Critical flow depth, ft

Critical depth at a drop in the main channel, ft

Critical depth at a drop in the trickle channel, ft
Equivalent depth, ft

Vertical fall at a drop, ft

Hydraulic depth (area / top width), ft

Normal depth, ft

At a vertical drop, the pool depth under the nappe just below the crest,
ft

Initial (upstream) flow depth, ft

The tailwater depth required to cause a jump to form immediately
downstream of the initial depth location for Y, ft

Sequent depth, main channel, ft

Sequent depth, trickle channel, ft

Effective fall height from the crest to the basin floor, ft
Brink depth, ft

Pool depth under the nappe downstream of the crest, ft
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7.2

Y, = Actual tailwater depth present downstream of the drop, ft

z = For a vertical drop structure, the difference in the bed elevations of the
approach channel at the weir and the downstream channel at the end of
the structure, ft

Z = Channel side slope horizontal distance per foot of drop, ft/ft

Z, = Drop face slope, ft/ft

Use of Structures in Drainage

7.2.1

Hydraulic structures are used in storm drainage works to control water flow
characteristics such as velocity, direction and depth. Structures may also be used to
control the elevation and slope of a channel bed, as well as the general configuration,
stability and maintainability of the waterway.

The use of hydraulic structures can increase the cost of drainage facilitics. The use of
hydraulic structures should be limited by careful and thorough hydraulic engineering
practices to locations and functions justified by prudent planning and design. On the
other hand, use of hydraulic structures can reduce initial and future maintenance costs
by changing the characteristics of the flow to fit the project needs, and by reducing the
size and cost of related facilities.

Hydraulic structures include channel drop structures, low flow check structures, energy
dissipators, bridges, transitions, chutes, bends and many other specific drainage works.
Depending on the function to be served, the shape, size and other features of hydraulic
structures can vary widely from project to project. Hydraulic design procedures
(including model testing in some cases) that examine the structure and related drainage
facilities are a key part of the {inal design for all structures.

This chapter is oriented toward control structures for drainage channels, outlets for
storm drains and culverts—in contrast to dams, spillways or specialized conveyance
measures.

Channel Dr tructure

Drop struciures are used to reduce the effective slope of a natural or artificial channel.
Typically, a drop structure extends across the entire width of the channel and provides
grade control for a full range of flows.

Check structures are similar in concept, but their objective is to stabilize and control the
channel bed or low flow zone. During a major flood, portions of the flow circumvent the
structure, but erosion is maintained at an acceptable level. Overall stability is maintained
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by control of the low flow area, which would otherwise degrade downward. A series of
check structures can be an economical interim grade control measure for natural
channels in urbanizing areas or for artificial channels where funding is inadequate for
construction of drop structures.

Conduit Outlet Structures

Energy dissipation strictures are necessary -at the-ontlets of culverts orstorm‘drains-to
reduce flow velocity and to provide a transition whereby the concentrated, high velocity
flow exiting the conduit is changed to a wider, shallower and non-erosive flow. Outlet
structures may be preformed rock riprap stilling basins or reinforced concrete structures
such as impact basins.

Special Channel Structures

Bridges, spur dikes, channel transitions, constrictions and bends, and structures for lined
channels and for long conduits are examples of hydraulic structures used for special
applications.

7.2.3.1 Bridges and Related Structures: Bridges have the potential advantage of
crossing a waterway without disturbing the flow. However, for overall economic and
structural reasons, encroachments and piers in the waterway are a practical reality. A
bridge structure can cause significant hydraulic effects, such as an increase in the water
surface elevation, and channel scour. These conditions must be analyzed and measures
must be designed for mitigation of negative impacts. Spur dikes, levees, drop or check
structures, and pier and abutment protection are types of structures designed to control
hydraulic effects at bridge crossings. Refer to Chapter 5 for further discussion on
bridges.

7.2.3.2 Channel Transitions: Channel transitions are typically used to moderately vary
the cross-sectional geommetry to allow the waterway to fit within a more confined right-
of-way, or to purposely accelerate the flow to be carried by a specialized high velocity
conveyance structure. Constrictions are designed to restrict and reduce the conveyance
along a short reach. Examples are a bridge with roadway approach embankments that
significantly encroach into a floodplain, or a structure designed to raise the upstream
water surface to force spills into an off-channel storage facility. An expansion structure
is usually required at the downstream end of a constricted channel reach or structure to
provide a safe, non-eroding trausition to the unconstricted channel. Potential conditions
for creation of a hydraulic jump must be examined and provisions made for control of
a jurmp and associated turbulent flow conditions.

7.2.3.3 Structures for Lined Channels and Long Conduits: Acceleration chutes can
be used to maximize the use of limited downstreamn right-of-way, and to reduce
downstream channel and pipe costs. However, chutes should only be used where good
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7.2.4

7.3

hydraulic and environmental design concepts permit the use of high velocity flow. In
general, high velocity flow is not permitted in urban areas and applications in other areas
will require careful scrutiny. Bends in lined channels and closed conduits require
analysis to determine if supercritical flow occurs, or if special structural and other
design considerations are needed.

Factors of ‘et

Specific calculations to determine foundation stability and factors of safety against
sliding, uplift, and overturning for a hydraulic structure are necessary in the design of
safe structures. The factor of safety derived for a particular case depends, to a large
degree, on the risk and consequence of failure. Therefore, the selected factor of safety
must be appropriate for each structure being designed.

The factors of safety for sliding, uplift, and overturning all may be different for a
particular structure. A general range of 1.5 to 2.0 for these factors is recommended for
many types of structures subjected to a variety of loading conditions (see: Preliminary
Engineering Manual, Civil Works Construction [USACE, January 1948]; Design
Manual, Foundations and Earth Structures [U.S. Navy. May 19821; Design of Small
Dams [USBR, 1987]); Design of Gravity Dams [USBR, 1976); and Drainage of
Roadside Channels with Flexible Linings [USDOT, FHWA, March 1986].

Channel Drojp Structures

7.3.1

General

The term drop structure is broadly defined. Included are structures built to restore
previously damaged channels, those constructed during new urban development to
prevent accelerated erosion caused by increased runoff, and applications in which other
specialized hydraulic conditions are created in the flow channel.

The focus of this design guideline is on drop structures with design flows up to 10,000

cfs. Flows less than 500 cfs are in the usual range for check structures. Check structures
have additional considerations because major flooding goes around the strueture
abutments, typically in a much wider floodplain.

7.3.1.1 Basic Components of a Drop Structure: Figure 7.1 shows a typical channel
drop structure with its various components. Once a particular structure type 1s selected
for design, analyses are conducted to determine the optimal sizing or extent of the
varipus components.

7-6
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Figure 7.1

Typical Drop Structure Components
(Adapted from McLaughlin Water Engineers, Lt 1986)
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7.3.1.2 Design Considerations: In addition to hydraulic performance (discussed in
Section 7.3.2}, a number of other considerations affect the selection of an appropriate
drop structure for a particular application.

Soil and Foundation Conditions: Geotechnical investigations should be completed to
identify the characteristics of the on-site soils. Silty and sandy soils require detailed
analyses for seepage control. Expansive soils require special design techniques to
minimize differential movement. Structure design for foundation, walls and slabs must

- consider:soil-and-hydrostatic-pressures, seepage and-puotential-scour.”

Construction Concerns: The selection of a drop and its foundation may also be
tempered by construction difficulty, access, material availability, etc. Quality control
through conscientious inspection is an important consideration.

Maintenance Concerns: Issues to be considered in the design include, ease of access
to the crest and stilling basin areas, vandal resistance, eliminate trapped (ponded) water,
sediment accumulation, and landscaped or grassed slopes that are easily maintained.

Seciological Considerations: These include public acceptability issues such as safety
(Section 7.6), visual appearance (Section 7.7), mosquito breeding in ponded water, etc.

7.3.1.3 Drop Structure Types: Design guidance is presented in this section for the
following drop structures:

= Baffle Chute Drops

e Vertical Hard Basin Drops

= Vertical Riprap Basin Drops
= Sloping Concrete Drops

»  Low Flow Check Structures

Figure 7.2 shows schematic profiles of each type.

Due to a high failure rate and excessive maintenance costs, drop structures having
loose riprap on a sloping face are not permitted.

All drop structures should be inspected on a regular basis during construction to assure
their quality and integrity. In addition, drop structures must be monitored on a periodic
basis after construction.

Additional bank and bottom protection may be needed if secondary erosional tendencies
are revealed. Thus, it is advisable to establish construction contracts and budgets with
this in mind. Use of standardized design methods for the types of drops described herein
can reduce the need for secondary design refinements. Section 7.3.3 presents
considerations for the selection of the appropriate type of drop structure for particular
application or site conditions,

7-8
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Drop Structure Types
{McLaughlin Water Engincers, Lid. 1936)
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7.3.2 Hydraulic Analysis Considerations

7.3.2.1 General Procedures: These design procedures are generalized. Use them to.
identify the most suitable approach, with the understanding that detailed analytical
methods and destgn specifications may vary as a function of site conditions and
hydraulic performance. A standard drop structure design approach would include at least
the following steps:

107 Define the thaximium® design “discharge (usially “the “T00=year) “and “dther* *

discharges appropriate for analysis (selected discharge(s) expected to occur on
a more frequent basis, which may behave differently at the drop).

2. Select possible drop structure alternatives to be considered (Section 7.3.3).

3. Determine the required longitudinal channel slope and the total drop height
required to produce the desired hydraulic conditions.

4.  Establish the channel hydraulic parameters, reviewing drop structure and
channel combinations that may be most effective.

5. Conduct hydraulic analyses for the structure. Where appropriate, apply separate
hydraulic analyses to the main channel and the low flow zones of the drop to
determine the extent of protection required, as well as the potential
problems/solutions for each. {See Section 7.3.2.3 for discussion.)

6.  Perform soils and seepage analyses to obtain foundation and structural design
information. Combine seepage and hydraulic analysis data to determine forces
on the structure. Evaluate uplifting, overturning, and sliding.

7. Evaluate alternative structures in terms of their estimated capital and
maintenance costs, and identify comparable risks and problems for each
alternative. Review alternatives with client and jurisdictional agency to select
final plan. (This task is not specifically a part of the hydraulic analysis criteria,
but is mentioned to illustrate other factors which are involved in the analysis of
alternatives.)

8.  Use specific design criteria to determine the drop structure dimensions, material
requirements and construction methods necessary to complete the design for the
selected structures.

7.3.2.2 Crest and Upstream Hydraulics: Usually, the starting point of drop analysis
and design is the designation of the crest section {or review of existing configuration)
at the top of the drop. As flow passes through critical depth near the crest, upstream
hydraulics are separated from downstream. The critical flow state must be calculated
and compared with the downstream tailwater effect which may submerge the crest and
effectively control the hydraulics at the crest.

7-10

January 28, 1996



Hydraulic Structures

With control at the drop crest, upstream water surface profile computations are used to
estimate the distance that protection should be maintained upstream, that is, the distance
10 where localized velocities are reduced to acceptable values. Backwater computations
also yield the maximum upstream flow depth used to set wall abutment and bank
heights. The water surface profile computations should include a transition/contraction
head loss, which should typically range from 0.3 {modest transitions) to 0.5 (more
abrupt transitions) times the change in velocity head. The reader should refer to standard
hydraulic references for guidance (i.e., Chow 1959). For a given discharge, there is a

-« halance-betweenasthe crest-baseswidth,«upstream-and -downstream-tlow welocities, -the
Froude Number in the drop basin, and the location of the jump. These parameters rnust
be selected for each specific application.

Two basic configurations of crests are assumed. Baffle chutes, vertical hard basin and
vertical riprap basin drops frequently have vertical or nearly vertical abutments with
aearly rectangular cross sections. Sloping concrete drops generaily have sloping
abutments, forming a trapezoidal crest cross section. All drop types would typically
have a low flow channel which is extended through the drop crest section at the channel
invert.

Vertical or Near Vertical Abuiments ai Drop Crest: Figure 7.3 presents alternative drop
crests at a vertical drop structure. [n general, the objectives of upstream hydraulics and
crest design are;

1. To maintain freeboard in the approach channel,

2. To optimize crest and basin dimensions to achicve the most cosi-effective
structure, and

3. To prevent erosion in the transition zone, where flow accelerates approaching
the crest.

A crest expansion may be necessary to maintain adequate freeboard in the upstream
channel and reduce drawdown veloéities just upstream of the crest. A crest constriction
may be appropriate for wide channels {0 reduce the cost of ihe crest wall.

Sloping Abutments at Drop Crest: Figure 7.4 shows a schematic layout for the drop
crest and upstream channel at a sloping drop structure. The design objectives discussed
previously also apply here. Constricting the trapezoidal crest serves 1o economize the
structure while maintaining upstream freeboard. The seepage cutoff wall is typically
placed at or near the upstream end of the transition zone and the zone protected with
concrete or grouted rock. This arrangement also provides better seepage control, as
discussed in Section 7.3.2.5.

7.3.2.3 Water Surface Profile Analysis: Backwater computations should be completed
for the channel reaches upstream and downstream of the proposed drop structure to
establish approach flow conditions and tailwater conditions for the range of design
flows.
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The next step is to determine the location of the hydraulic jump so that the stilling basin
can be sized to adequately contain the zone of turbulence. The determination of the
hydraulic jump’s location is usually accomplished through the comparison of the unit
specific force for the supercritical inflow and the downstream subcritical flow. For
vertical drop structures, this requires analysis of the tailwater elevation to determine if
it is sufficient to cause the jump to occur immediately, or if the jet will wash
dewnstream until the specific force is sufficiently reduced to allow the jump to occur.

v or-slaping .drop-stracturess- water surfaces: must :be-determined-for the supercritical

profiles down the face of the drop. The location of the hydraulic jump can be
determined by using Equation 7.1 to compute the unit specific force F,, above and below
the toe of the drop. The hiydraulic jump, in either the trickle channel or the main drop,
will begin to form where the unit specific force of the downstream tailwater is greater
than the specific force of the supercritical flow below the drop.

2 2
Fo= o (7.1)
gy 2

The depth y, for downsiream specific force determination, is the tailwater surface
elevation minus the ground elevation at the point of interest, which is typically the main
basin elevation or the trickle channel invert (if the jump is to occur in the basin). The
depth for the upstream specific force (supercritical flow) is the supercritical flow depth
at the point in guestion.

For jumps in vertical riprap basins, the user has to rely on the criteria derived from
laboratory studies. The shaping or reshaping of riprap influences the jump stability and
location. Nevertheless, the basic specific force equation provides some guidance.

Ideally, for economic considerations, the jump should begin no further downstream than
the drop toe. This is generally accomplished in the main drop zone by depressing the
basin to a depth nearly as low as the downstream trickle channel elevation.

Analysis should be conducted for a range of flows, since flow characteristics at the

drop can vary with discharge. For example, the 10-year flow may cascade down the

face of a sloping drop and form a jump downstream of the toe, whereas the 100-year
flow may totally submerge the drop.

Where a major channel incorporates a low flow channel, separate analyses should be
completed for the low flow zone and the major channel overbank zone. This is because
the deeper flow profile in the low flow channel zone has a higher energy grade line
profile (Figure 7.5). Specific force analysis in this zone shows that the hydraulic jump
will not occur in the same location as the rest of the flow over the drop, and in most
cases the jump will occur further downstream. Separate analysis for this condition will
assure thar the stilling basin length is sufficient to contain the jump.
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7.3.2.4 Hydraulic Jump: With the exception of the baffle chute drop, all of the drop
structures described herein use the formation of a hydraulic jump to dissipate energy.
A discussion of this hydraulic phenomenon is presented as follows.

A hydraulic jump occurs when tlow changes rapidly from low stage supercritical flow
to high stage subcritical flow. Hydraulic jumps can occur: 1) when the slope of a
channel abruptly changes from steep to mild; 2) at sudden expansions or contractions
in the channel section; 3) at locations where a barrier, such as a culvert or bridge, occurs

+ woin:a channel efsteep-slope; 4) at-the dewnstream-side-of-dip-crossings-or-culverts -and

5) where a channel of steep slope discharges into other channels.

Hydraulic jumps are usetul in dissipating energy, and consequently they are often used
at drainageway outlet structures and drop structures as an efficient way to minimize the
erosive potential of floodwaters. However, because of the high turbulence associated
with hydraulic jumps, they must be contained within a well-protected area. Complete
computations must be made to determine the height, length and other characteristics of
the jump (including consideration of a range of flows) in order to adequately size the
containment area,

The type of hydraulic jump that forms, and the amount of energy that it dissipates, is
dependent upon the upstream Froude number (F,). The various types of hydraulic jumps
that can occur are listed in Table 7.1.

Jump Height: The depth of flow immediately downstream of a hydraulic jump is
referred to as the sequent depth (Y,). The sequent depth in rectangular channels whose
upstream Froude number is > 1.7, can be computed by use of the following equation:

1 3
Y, = SV 8F )2 -1] (1.2)

The solution for sequent depth in trapezoidal channels can be obtained from a trial-and-
error solution of Equation 7.3, which is derived from momentum equations. It is also
acceptable for design purposes to determine the sequent depth in trapezoidal channels
from Equation 7.2. Equation 7.2 is much simpler to solve and produces only slightly
greater values for sequent depth than does Equation 7.3.

(7.3)

7-16
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Table 7.1
Types of Hydraulic Jumps

; Upstream Froude Number Type of Jump Energy Loss, %
% 10<F <17 Undular jump 0.5

1L7<F 225 Weak Jump 5to 18

25« el eme s Qscillating Jump - - - ol Btedd -
i 45<F 250 Steady Jump 44 to 70
l( 5.0 <F Strong jump 70 to 85

rigures 7.6 and 7.8 provide graphs of hydraulic jumps for a horizontal rectangular
channel and a horizontal trapezoidal channel, respectively.

Undular Jump: An undula hydraulic jump is the type of jump-which occurs where the
upstream Froude number is between 1.0 and 1.7. This type of jump is characterized by
a series of undular waves which form on the downstream side of the jump. Experiments
have shown that the first wave of an undular jump is higher than the height given by
Equation 7.3. Therefore, the height of this wave should be determined as follows:

21 -Fi-1 (7.4)

Jump Length: The length of a hydraulic jump is defined as the distance from the front
face of the jump to a point immediately downstream of the roller. Jump length can be
determined from Figures 7.7 and 7.9.

Surface Profile: The surface profile of a hydraulic jump may be needed to design the
extra bank protection, or training walls for containment of the jump. The surface profile
can be determined from Figure 7.10.

Jump Location: In most cases a hydraulic jump will occur at the location in a channel
where the initial and sequent depths and initial Froude number satisfy Equation 7.3. This
~Jocation can be found by performing direct-step calculations in either direction toward
the suspected jump location until the terms of the equation are satisfied. Specific force
analysis can then be used by employing Equation 7.1 to establish where a jump will
occur. The hydraulic jump will begin to form where the unit specific force of the
downstream tailwater is greater than the unit force of the supercritical approach flow.

Design Chartr and Figures: Figures 7.6 to 7.10 and table 7.2 have been included as
additional aids 10 the user of this manual.
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Height of a Hydraulic Jump for a Horizontal Rectangular Channel
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Table 7.2
Uniform Flow in Circular Sections Flowing Partly Full
(USDOT, FHWA, HEC- 14, 1983)

d * gagrh of {low Q = ducharge in cubrc {eet per second by Manming's formule
g =  diameter of pipe n = Mananing's coellicient
A < area of tlow S = siope of the channel bottam and af the water surface
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. o . g Pug el
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! .24 0.1449 [*REFEN G.058% 2.83 0.74 0623 0.3008 0416 0.928
i
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0.42 0.3130 0,2220 D.1705 1.724 0.92 0.7580 0.7544 0.497 0.621
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0.44 0.3328 0.2295 0.1854 1685 0.54 0.7662 0.2895 0.498 0.588
0.45 0.24728 02331 0.1929 1,622 0.95 0.7707 0.,2865 0.498 0.571
046 0.3527 Q.2366 0.201 1.590 .96 0.7749 02829 0.456 0.553
a.47 0.3627 0.2am 0,208 1,659 2.97 0.7785 0.2787 0,494 0.53%
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7.3.2.5 Seepage and Uplift Forces: The most common technigue for seepage analysis
1s that proposed by E.W. Lane (1935), commonly referred to as "Lane's Weighted-Creep
Method. The essential elements of this method are paraphrased as follows:

1. The weighted-creep distance of a cross-section of a drop structure is the sum of

the vertical creep distances (along contact surfaces steeper than 45 degrees), L,

+#plussone-third of the-horizental ereep-distances+(aleng contact-surfacesless-than
45 degrees), L.

2. The weighted-creep head ratio is defined as:

Ly +3L)

C (7.5)

Lane's recommended weighted-creep ratios are given for various foundation
maternials in Table 7.3.

[

4. Reverse filter drains, weep holes, and pipe drains are aids to provide security
from seepage, and recommended safe weighted-creep head ratios may be
reduced as much as 10 percent, if used.

Care must be exercised to insure that cutotf walls extend laterally into each bank
so that flow will not outflank them.

6.  The upward pressure to be used in design may be estimated by assuming that the
drop in pressure from headwater to tailwater along the contact line of the drop
structure and cutoff wall is proportional to the weighted-creep distance.

Seepage is controlled by increasing the seepage length such that C, is lowered to a
conservative value. Soils tests must be taken during design and confirmed during
construction. These tests are especially critical for reinforced concrete structures.

An example of this technique can be found in Design of Small Dams (USBR, 1987). An
alternative approach is to use a flow net or computerized seepage analysis to estimate
subsurface flows and uplift pressures under a structure. Seepage considerations should
be included in the design of cutoff walls, wall footings, drains, filters, structural slabs,
and grouted masses.

Locating a seepage cutoff wall vpstream of the crest of a drop structure and using
horizontal impervious blankets can be effective. It is also very important to control
lateral seepage around the structure.
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Table 7.3
Lane's Weighted-Creep: Recommended Ratios

Material Cy Ratio
Very fine sand or silt 8.5
Fine sand 7.0
“Meditm sand ©  © 7 T B e
Coarse sand 5.0
Fine gravel 4.0
Medium gravel 5
Coarse gravel including cobbles 3.0
Boulders with some cobbles and gravel 2.5
Soft clay 3.0
Medium clay 2.0
Hard clay 1.8
Very hard clay or hardpan 1.6

7.3.3 Drop Selection

There are four major considerations for the selection of the type ot drop structure for a
particular application: 1) surface flow hydraulic performance; 2) foundation and seepage
control; 3) economic considerations; and 4) construction considerations. Other factors
which can affect selection are land uses, aesthetics, safety, maintenance, and anticipated
downstream channel degradation,

7.3.3.1 Surface Flow Hydraulic System: The primary consideration for the selection
of a drop structure should be functional hydraulic performance. The surface flow
hydraulic system combines channel approach and crest hydraulics, sloping or vertical
drop hydraulics and downstream tailwater conditions. Hydraulic analysis procedures are
presented in Section 7.3.2. Additional guidelines are also contained in Section 7.3 .4.

7.3.3.2 Foundation and Seepage Control Systems: Table 7.4 presents some typical
foundation conditions and control systems typically used for various drop heights. Table
7.4 is presented only as a guide. The hydraulic engineer must calculate hydraulic
loadings which can occur for a variety of conditions such as interim construction
conditions, low flow, and flood flow. The soiuls/foundation engineer couples this
information with the on-site soils information. Both work with a structural engineer to
establish final loading diagrams, and selection and sizing of structural components. This
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Table 7.4
General Seepage Cutoff Technique Suitability
Drop Height, feet
Soil Conditions 2 4 8 12

Sand and gravel over bedrock with S* S* S/ISwB* S/SwB*
sufficient depth of material to
provide support - groundwater cre | Tl | ST -
previlent. CTf CT{/CTI
Sand and gravel with shallow depth CTe CTc/ST ST ST
to bedrock - groundwater prevalent.

CW Cw Ccw CW

Qe S** S SwR*»*
Sand and Gravel, great depths to S 8 S S/SwB
bedrock - groundwater prevalent

Clc CTc/ST ST ST
Sand and gravel, no groundwater, or g S S S/SwB
water table normally below requirement ‘
{for variation caused by depth to CTH/CTI CTI C11 CTI
bedrock, see {irst case) CW cw
Clay (and silt) - medium to hard CTc CTc CTc CTc

CW reduce length for difficult backfill conditicns

CTI/CTI only for Jocal seepage zones/silts

ST expensive - for special problermns
Clay (and silt) - soft to medium with S § S S/SwB
lenses of permeable material -
groundwater present CTe CTe CTe/ST ST
Clay (and silt) - soft to medinm with S S S S/SwB
lenses of permeable material-may be _
moist but not significant groundwater CTe Cle CTe/ST ST
source CTF CTI CTI CTl

CwW CwW CWwW cw

*  (Consider Scour in sheet pile support}
**  {excavate onto bedrock and set into concrete)

Legend

) Sheet pile

SwB  Sheet pile with bracing and extra measures

CTc Cutoff Trench backfilled with concrete

ST Sluery Trench; similar to CTe; but trench walls are supported with slurry and then later
replaced with concrete or additives that effect cutoff

CW Cutoff Wall; conventional wall, possibly with footer, backfilled; note that the effective
seepage length should generally be decreased because of backfill

CTl Cutoff Trench with synthetic liner and fil}

CTf Cutoff Trench with clay fill
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section presents information reievant to hydraulics, but refer to geotechnical and
siructural books for related information,

7.3.3.3 Economic Considerations: Evaluation of alternative drop structure costs should
include consideration of construction costs and maintenance costs. Construction costs
include site work specific to the siructure, seepage control, excavation, reinforced
concrete, riprap, boulders, grout and backfill. Maintenance costs include rock
replacement. debris removal, erosion repair, structural repairs, graffiti and silt removal.

- Asstandard amethod-of cost-comparisen -is-present-worth analysis-by=which estimated -
maintenance costs are converted to present worth amounts by applying an appropriate
discount rate factor. The present worth maintenance cost is then added to the
construction cost of each structure under consideration for comparison.

Other factors also affect the economics of alternative types of drop structures. In many
cases, specific site requirements may dictate the direction of drop structure design.
Depending on location, some construction materials, such as riprap or boulders, may not
be readily available at reasonable cost. Analysis may include consideration of the cost
of a single drop structure 3 feet high versus the cost of two structures, each 1.5 feet high.

7.3.3.4 Construction Considerations: The selection of a drop and its foundation may
also be tempered by construction difficulty, location, access, and material
availability/delivery. Table 7.5 lists construction considerations for key drop structure
materials. Additional discussion of construction concerns 1s included with the design
suidelines for each drop type in the following section.

 7.3.4 Design Guidelines for Drop Structures

7.3.4.1 Baftle Chute Drops: The USBR has developed design standards for a reinforced
concrete chute with baffle blocks on the sloping face of the drop, which is commonly
referred to as baffled apron ur baffle chute drops. There are excellent references,
Hydraulic Design of Stilling Basins and Energy Dissipators (Peterka, 1984), and Design
of Small Canal Structures (USBR, 1974), that should be used for the design of these
structures. Another reference is Baffled Apron as Spillway Energy Dissiparor (Rhone,
1977), which evaluates higher design discharges, and entrance modifications to reduce
the backwater effect caused by the baffles,

The optimal performance occurs for a unit flow {q) at the chute width of 35 to 60 cis/ft.
Model testing has evaluated discharges up to 300 cfs/ft, and there have been structures
built with up to 120 cfs/ft. The USBR states that the recommended design flow of 60
ctfs/ft for baffle chute drops has been exceeded at several locations without causing
significant problems.

January 28, 1996 7-27



Drainage Design Manual for Maricopa County, Volume 11, Hydraulics

Table 7.5
Construction Components Cencerns and Quality Control Measures of Drop Structures

Type

(Quality Concerns

Quality Control Measures and Inspection

Concrete

The major concern s strength and ability o
resist weathering. Aggregate strength and
durability are important. Special architectural
treatments include exposed aggregale, form
liners and color additives, . . .

'Any architecral Les{' k;mp]ec should bc .éor'npiélté'(i andapproved J

Preconstruction jtems include review of shop drawings for
reinforcing steel, formwork patterns and ries, concrete design mix
and related tests. color additives or coalings and architectural
treatments such as form liners, handrails and fences,

along with all coatings, weather prorection or other iters which
could affect appearance.

Reinforcing
Sieel

Usually not a problemn unless 1he wrong grade
of steel is brought to job, or site conditions are
conducive (¢ corrosion problems.  Epoxy
coated reinforcement can he specified for
crilical conditions.

During construction there are mumerous items which require
checking, including: rebar placement, forinwork, tie placement,
weep holes and drains, form release coatings and form cleaning
before concrete placement, form removal, concrete placement and
testing, weathier protection, sealants, rie hnle trearment, concrete
finish work, and earthwork, especially that related w seepage
control.

Riprap and
Rock

Hardness is of concern because the rock is
subject to.rough handling and impact forces.

Durability conccms are: Ozidation, weathering
(freeze thaw tests), and leaching or dissolving
by water,

Fraeruring, which leads to odd or undesirable
shapes. is to be nvaided.

Seams or other discontinuities can lead to
breakup or undesirable shapes and darnage
during handling.

Geaologic type is important; sedimmeniary rocks
are undesirable. Voleanic rock often has low
density.

Density of the rock reqnires specifie gravity
fests.

. Submuttals shonld be reqnired from suppliers ro documenr qualiry.

A significant effort is needed in the area of rock quality control.

Rock should be durable, sound,-:md free of seams or fractures. The
specific gravity should be a minimum ol 2,40,

Specifications should include requirements for orderty procedures
and appropriate egnipment, both for rock and grout placerment,
Gradation, durability and specific gravity tests of riprap at the
quarry are nceded, and should only be waived for small projects
where the quanry can demonstrate recent tests. Handling that results
in excessive breakage should result in changed methods andfor
reexamination of rock quality, Subgrades should be dewatered and
stabilized. Filters and bedding lavers should be reviewed for
compatibility 10 the onsire soil conditions. Rock handliug and
placement is critical. Riprap shonld be handled selectively so that
the gradation is reestablished through anv given vertical section.
Areas where the thickness is comprised of all materials smaller than
the dy,, or where excessive voids or radical surface variations occur
rhould be reworked.

Good placement techniques should resulr in a riprap layer with
surface matenials d,, size or greater, closely spaced with voids
thoroughly vhinked and loeked between larger rock, top surfaces
generzlly parallel to the plane of the overall riprap bank or surface,
and no great departures in surface elcvarien from rock to rock.

Graded riprap should not be used for grounng, as the smaller reck
can prevent full penetrarion of the grout to the subgrade and can
cauge incomplete filling of the voids. Large ock or boulders should
be placed wirh a gradall or multi-prong grapple device for ease of
handling and to minimize dismrbance of the subgrade. A minimum
dimension should be specified for the rock ro aid field inspection.
On slopes, uphill boulders should be keyed in below the tops of
downhill boulders for stability. A “stairstep” arrangement where the
top surface of the rock is fiat and horizontal is preferable for both

| aesthetic and hydraulic reasons. J
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Table 7.5 {continued)

Ouality Concerns

Quality Control Measures and Inspections

Cement content and type, aggregate and water
conient are  imporiant copsideralions  for
stiength and durability. Synthetic fibers can be
added tw the concrete mix, o provide
additional crack contral and durability,

#ard stabitity-problems onslope. too dry feadsterpoor penetration), -

The key 1o success with grouting is to usc rock that is no smaller in
any dinension than the desired prout thickaess {(so that one can tully
access and fill the voids}, to purnp asd place the grout using & grout
pumper with a nozzle thai can peneuate 6 the subprade, © vibrate
using a "pencil vibrator” to assure complele filling of the vaids, to
have good centrnl of the groul mix {too wel ereates shrinkage cracks

and ro place the grout to Ike desiced thickness. A mininum grout
thickness is needed to counteract uplift forces. However, placing
oo much is upatttactive and reduces the roughness of the drop
which ts needed to pravent the jump from washing downstreamn.
During groutiug, it is iroportant to proteer the weep drains. With
care, one can aveid gerting grout on the top of the rock. Any
spillage should be washed off immediately. A wood float leaves a
smooth finish. siad the "pencil vibratot”, which 1z preferred. will
generally Jeave 1 satistuaclory appearance with some touch-up. Full
time inspecuon is required during grouiing, as is penodic inspection
during the rock placement depending upon the petformance of the
contractor and the aesthetie appearance desired,

£l

elpile

S

Sheetyile corned in wmany eonfigntations and, in

particular,  joint  details. It requires
gzotechinica].  structural  and  hydraulie

expertise. as wall a8 pile driving experience
Grring construction.

fuspection is reqnired to ensure that piling is driveu to the design
depth, or keved juto badrock if required. Underground obstructions
can create problems with driving. 1f piling becornes separared ar the
joints during ingtallation, excessive subsurface flow can result.

Synthetic

Lipers must be flexible and strong enough to

Suhgrade must be well prepared Lo minimize veids and piping along

filter characteristics and eompatibility with in
yitu malterials, pipe and other hydruuhe
components.

Laners allow adjustment to the aciual subgrade. and 1o | the smooth surface of the liner. Ceriificates of conformance to the
aflow rock piacement without significant | technical specifications should be provided by the manufacturer,
darmage to the liner rmaterial. Liners should be spliced ouly when necessary and placed in

accordance with manufacturers instrucrious.

Scepage Importanr considerations are: classification | The subgrade should be inspected and sloped to achieve compaction

Cutoff Soils and homogeneity of clay soils, placement and | of the curoff soils and the adjacent subgrade. [n order to use this
compaclion teehniques. type of drop structure, the subgrade soil needs io be a clay (CL), as

classificd by a qualified soils engineer.

Diraing Permeability and gradation of media, reverse | Gradation analysis of in situ malerials and preposed filter media are

advizahle. Fabric inaterials should be used with caution (o insure
that plugging will not oceur. Piping and valving components sheuld
comply with specifications and he donble checked for suitability for
the particular application. The toe drain and other drains should be
piaced and protecied from contamination, particularly if grout or
concrete is placed Jater.

Cutoffs using
Slurry Trenzh

‘The homogeneity and stability of the slnrry
cutedf is erivical. The construction technignes
to achieve a cufoff to the desired depth and
width are also critical.

Practically, ¢ntoffs using slnrry trench fechnigues are more cxotic
applicalions and require intensive geolechnical engincering and
enstoan specifications for individual applications. Mcasnres can
involve iniensive soil testing, density testing of siurry mixtures. tests
related to special chemienls and admixmres, and standard concrete
and gront testing methods. Besides inspections related to all of the
above, site environmental controls are reqnired for slurry mixing
and placement, and for disposal of materials displaced during the
Process.

Architectnrat
and
Landscape
Ttems

Coatings  ae  always snbject 1o qnality
toncerns, which arc compounded by subsirate
conditions. Plantings are subject to @ wide
variety of quality and size.

Landscape and architecroral treatments can nizke a big difference in
appearance; lake care to work with experieaced piofessionals.
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The hydraulic concept involves flow repeatedly encountering obstructions (baffle piers)
that are of a nominal height equivalent to critical depth. The excess energy through the
drop is dissipated by the momentutn loss associated with the reorientation of flow. A
minimum of four rows of baffle piers are recommended to achieve control of the flow
and maximum dissipation of energy. Guidelines are given for sizing and spacing the
blocks. Designing for proper approach velocities is critical to structure performance.
One advantage of the baffle chute drop is that it does not require tailwater control.

Typical design consists of upstream transition walls, a rectangular approach chute, a
sloping apron of 2:1, or flatter, slope with multiple rows of baffle piers (see Figure
7.11). The toe of the chute extends below grade and is backfilled with loose rock to
prevent undermining the structure by eddy currents or minor degradation of the
downstream channel. This rock will rearrange to establish a stable bed condition and
produce additional stilling action. The structure is effective without tailwater; however,
higher tailwater reduces scour at the toe. Grouted and concrete basins have also been
used to prevent a standing pool from forming at the transitions to the downstream trickle
and main channels. The structure also lends itself to a variety of soils and foundation
conditions.

There are fixed costs associated with the upstream wing walls, crest approach section,
downstream transition walls and a minimum length of sloping apron (for four baffle
rows). Consequently, the baffle chute becomes more economical with increasing drop
height.

This design is quite flexible in adaption, once the hydraulic principles are understood.
For example, the design has been modified for low drops by locating two rows of baffles
on the slope and two rows on a horizontal extension of the chute. Another approach has
been to use a flatter chute slope than the usuval 2 horizontal to 1 vertical. There are
examples where sloping abutments have been used. Other examples include the use of
sloping abutments at the crest and chute sides. These drops can be extended at a later
date if downstream bed degradation occurs beyond that initially anticipated.

The potential for debris flow must also be considered. Use caution when conditions
include strearns with heavy debris flow, because the baffles can become clogged
between the interstices, resulting in overflow, low energy dissipation, and direct
impingement of the erosive stream jet on the downstreamn channel.

The design performance has been documented for numerous baftled apron drops (USBR
1974). The resulting design precautions generally relate to relatively minor problems,
such as erosion protection in adjacent channels, spray above the chute walls, and debris
problems. The basic design criteria and modification detasls are given in Figures 7.12
and 7.13. Remaining structural design parameters must be determined for specific site
conditions. The recommended design procedures are discussed on the following pages.
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Figure 7.11
Baffle Chute Drop
{(McLaughlin Water Engineers, Ltd., 1986)
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General Hydraulic Design Procedure:

L.

Determine the maximum inflow rate and the design discharge per unit width:

g = Q/W (7.6)

The chute width, W, may depend on the upstream or downstream channel width, the

upstream hydraulic control, economy, or local site topography. Generally, a unit
discharge between 35 to 60 cfs/ft is most economical.

An upstream channel transition section with vertical wing walls, constructed 453
degrees to the flow direction, causes flow approaching the rectangular chute section
to constrict. It 1s also feasible to use walls constructed at 90 degrees to the flow
direction. In either configuration, it is important to analyze the approach hydraulics
and water surface profile. Often, the effective flow width at the critical cross section
is narrower than the width of the chute opening due to flow separation at the corners
of the abutment. To compensate for flow separation, it is recommended that the
actual width constructed be 1 foot wider than the design analysis width if the
constricted crest width is less than 90 percent of the upstream channel flow width.
In any case, the design should carefully consider the approach hydraulics and
contraction/separation effects. Depth and approach velocities should be evaluated
through the transition to determine freeboard, scour, and sedimentation zones.

The entrance transition is followed by a rectangular flow alignment apron, typically
5 feet in length. The upstream approach channel velocity, V, should be as low as
practical and less than critical velocity at the control section of the crest. Figure
7.12(b) gives the USBR recommended entrance (channel) velocity. In a typical
grass-lined channel, the entrance transition to the rectangular chute section will
produce the desired upstream channel velocity reduction. The ¢levated chute crest
above the channel elevation, as shown in Figure 7.12(a), should only be used when
approach velocities cannot be controlled by the transition. Special measures to
prevent aggradation upstream would be necessary with the raised crest
configuration.

Entrance Modification:

1.

The trickle flow (or low flow) channel should be maintained through the apron,
approach, and crest sections. It may be routed between the first row of baffle piers.
The trickle channel should start again at the basin rock zone which should be
slightly depressed and then graded up to transition to the downstream channel.
Figure 7.13(c) illustrates one method of designing the low flow channel through the
crest.
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2. The conventional destgn shown in Figure 7.12(a) results in the top elevation of the
baffles being higher than the crest, which causes a higher backwater surface effect
upstream. Figure 7.12(b) may be used to estimate extent of the effect and to
determine corrective measures, such as increasing the uvpstream freeboard or
widening the chute. Note that baffles projecting above the crest will tend to produce
upstream sediment aggradation. Channel aggradation can be minimized by the low
flow treatment suggested in the previous paragraph.

+Anothermeanswofaleviatingthese-problems-isthe-Fujimoto-entrance sdeveloped by, - w0

the USBR and illustrated in Figure 7.13(b). The upper rows of baffles are moved
one row increment downstream. The important advantage of this entrance is that
there is no backwater effect of the baffles. The serrated treatment of the modified
crest begins disrupting the flow entering the chute without increasing the headwater.
More importantly, this configuration provides a level crest control. The designer
may either bring the invert of the upstream low flow channel into this crest
elevation, widening the low flow channel as it approaches the crest, or the designer
may have a lower trickle channel and bring it through the serrated crest similar to
1, above. These treatments will have to be observed until more application
experience shows what may work best.

Siruciural Design Dimensions:

1. Assume critical flow at the crest and determine critical depth for both peak flow and
tor 2/3 of peak flow. For unit discharge exceeding 60 cfs/ft, Figure 7.12(b) may be
extrapolated:

. = (g¥g)"® (7.7)

2. The chute section (baffled apron) is concrete with baffles of height. H,, equal to 0.8
times critical depth. The chute face slope is 2:1 for most cases, but may be reduced
for low drops or where a flatter-slope is desirable. For unit discharge applications
grealer than 60 cfs/ft, the baffle height may be based on 2/3 of the peak flow;
however, the chute side walls should be designed for peak flow (see number 4).

Baffle pier widths and spaces should equal, preferably, about 1.5 H, but not less than
H,. Other baffle block dimensions are not critical hydraulically. The spacing
between the rows of batfle blocks should be H, times the slope. For example, a 2:1
slope makes the row spacing equal to 2H, parallel to the chute floor. The baftle piers
are usually construeted with the upstream face normal to the chute floor surface.

3. Four rows of baffle piers are required to establish full control of the flow, although
fewer rows have operated successfully. At least one row of baffles are buried in
riprap where the chute extends below the downstream channel grade. Riprap
protection continues from the chute outlet to a distance of approximately 4H,, or as
necessary to prevent eddy currents from undermining the walls. Additional rows of
baffles may be buried below grade to allow for downstream channel degradation.
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4. The baffie chute side wall height (measured normal to the floor slope) should be 2.4
times the critical depth based on peak discharge (or 3H,). The wall height will
contain the main flow and most of the splash. The design of the area behind the wall
should consider that some splash may occur, but extensive protection measures are
not required.

L

Determine upstream transition and apron side wall height as required by backwater
analysis. Lower basin wing walls are generally constructed normal to the chute side

=ayvalls-at:the-chute-outletito-prevent-eddy current-erosion at the drep #oec: -These- -« -

transition walls are of a height equal to the channel normal depth plus 1 foot, and
length sufficient to inhibit eddy current erosion.

6. All concrete walls and footer dimensions are determined by conventional structural
methods. Cutoff walls and underdrain requirements are determined by seepage
analysis (see Section 7.3.2.5).

7. The most troublesome aspect of the design is the determination of the hydraulic
impact forces on the baffles to allow the structural engineer to size adequate
reinforcing steel.:Figure 7.13(d) may be used as a guideline. The structural engineer
should apply a conservative safety factor, as this curve is based on relatively sparse
information.

Construction Considerations: There are numerous steps necessary in the construction
of a baffle chute, but they are usually easily controlled by a contractor. For guality
control and inspection, there are consistent, measurable, and repeatable standards to

apply.

Potential areas of concern include foundation problems, riprap quality control and
placement, and finish work with regard to architectural and landscape treatments.
Formwork, form ties, and seal coatings can leave a poor appearance, if not handled
properly. Poor concrete vibration can result in surface defects (honeycombing) or more
serious conditions, such as exposed rebar.

In summary, baffle chute drop structures are the most successful as far as hydraulic
performance is concerned and are straight forward to construct. Steel, formwork,
concrete placement and finish, and backfill require periodic inspection.

7.3.4.2 Vertical Hard Basin Drops: The vertical hard basin is a generalized category
which can include a wide variety of structure design modifications and adaptations. A
variety of components can be used for both the hard basin and the wall, various
contraction effects can be implemented to reduce approach velocities, and different
trickle channel options can be selected.
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The maximum vertical drop height from crest to basin for a vertical hard basin drop ‘
‘ is limited to 3 feet for safety considerations. ‘

The hydraulic phenomenon provided: by this type of drop is a jet of water which
overflows the crest wall into the basin below. The jet hits the hard basin and is
redirected horizontally. With sufficient tailwater, a hydraulic jump is initiated,
Otherwise, the flow continues horizontally in a supercritical mode until the specific

-foree «of the tailwater is-sufficient -to .foreesthe-jump. Energy -is«dissipated.in the ..

turbulence through the hydraulic jump; therefore, the basin is sized to contain the
supercritical flow and the erosive turbulent zone.

Generally, a rough basin is advantageous since increased roughness will result in a
shorter, more economical basin. Figure 7.14 shows a vertical drop with a grouted
boulder basin (concrete may also be used), and illustrates several important design
considerations.

General Hydraulic Design Procedure:

1. The design approach uses the unit discharge in the main channel and the trickle
channel to determine the separate water surface profiles and jump locations in these
zones. The basin is sized to adequately contain the hydraulic jump and associated
turbulent flows.

ra

The rock lined approach length ends abruptly at a structural retaining crestwall
which has a nearly rectangular cross-section and trickle channel section. (Refer to
Section 7.3.2.2)

3. Crest wall and footer dimensions are determined by conventional structural
methods. Underdrain requirements are determined from seepage analysis.

4. Open Channel Hydraulics (Chow, 1959), makes a brief presentation for the
"Straight Drop Spillway," which applies here. Separate analysis would need to be
undertaken for the trickle channel area and the main channel area as discussed in
Section 7.3.2.3. In the following equations add the subscript t for the trickle channel
area, and the subscript m for the main channel area.

Refer to Figure 7.15 to identify the following parameters. L, is the design basin
length which includes L; and the distance to the jump, I;, which is measured from
the downstream end of L. The jump length, L., is approximated as six times the
sequent depth, Y,. As a safety factor, to assure a sufficient length for L,, 0.6 L; is
added in the design of L, such that:

L,z L, +JDJ.+9.6Y1 (7.8)
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Vertical Drop Hydraualic System
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When a hydraviic jump occurs immediately where the nappe hits the basin floor, the
following variables are defined:

L,1Y, = 43D" (7.92)
where:
D, =qll(gY}) (7.9)
Y,/Y, = 1.0D* (7.10)
Y, /Y, = 054D (7.11)
Y 1Y, = 1.66D,"Y (7.12)
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5. In the case where the tallwater does not provide a depth equivalent to or greater than

Y,, the jet will wash downstream as supercritical flow until its specific force is
sufficiently reduced to allow the jump to occur. Determination of the distance to the
hydraulic jump, D;, requires a separate water surface profile analysis for the main
and low flow zones. Any change in tailwater affects the stability of the jump in both
locations.

- -Caution is-advisedwegarding:the higheranit flow-condition in-the Jow flow.zone:. .« .

Large boulders and meanders in the trickle zone of the basin are shown to help
dissipate the jet, and rock is extended downstream along the low flow channel. This
results in three possible basin length design conditions:

a. At the main channel zone:

L,

m

- Ld’m +Djm +0.60 (6Y2)m (7-13)

b. At the trickle zone, standard design:

Ly, = Ly,+D,,+0.60(6Y,), (7.14)

¢, When large boulders or baffles are used to confine the jump to the
impingement area of the low flow zone, the low flow basin length may be
reduced:

L, = L, +0.60(6Y,), (7.15)

7. The basin floor elevation 1s depressed at depth B, variable with drop height and

practical for trickle flow drainage. Note that the basin depth adds to the effective
tailwater depth. The basin is constructed of concrete or grouted rock. Either material
must be evaluated for the hydraulic forces and seepage uplift.

There is a sill at the basin end to bring the invert elevation to that of the downstream
channel and side walls extending from the crestwall to the sill. The sill is important
in causing the hydravlic jump to form in the basin. Buried riprap should be used
downstream of the sill to minimize any local scour caused by the lift over the sill.

Water surface profile analyses have proven that base widths of the rectangular crest
which are less than that of the channel will result in high unit discharges and
velocities, thereby requiring unreasonable extensions of both the basin length and
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upstreats: reck protection. Roughness in the basin area can reduce the basin length
required to contain the hydraulic jump. This is the primary advantage of the use of
grouted rock in the drop basin.

Canstruction Considerations: Foundation and seepage concerns are very critical with
regard to the vertical wall, as poor control can result in sudden failure. The use of
caissons or pile can mutigate this effect. Put in comparative terms with the baffle chute,
seepage problems can result in displacement of the vertical wall with no warning, where

sthebex-likestructure of thebaffle chutesmay-evidenee some movement-er-cracking but: . ~

not total failure, and thus allow time for repairs.

The quality control concerns and measures for reinforced concrete are described under
baffle chutes. The foundation concerns for the wall are critical as described above. The
subsoil conditions for the basin are also important so that the basin concrete or grouted
riprap 1s stable against uplift pressures.

A grouted boulider stilling basin provides roughness, which is useful in shortening the
basin length. As the name implies, the basin should be constructed of individual
boulders placed on a prepared subgrade. Boulders should:be a minimum dimension that
exceeds the grout layer thickness, so that the contractor and the inspector can see and
have grout placed directly to the subgrade and completely filling the voids. Graded
riprap should not be used for grouting, as the smaller rock prevents the voids from being
completely filled with grout. The result is a direct piping route for water beneath the
grout, and a structural slab with insufficient mass. The completed combination of
boulders and grout should have an overall weight sufficient to offset uplift forces. A
minimum dimension of 18 inches is recommended for boulders, and 12 inches for the
grout layer. By maintaining the finished surface of the grout below the top of the
boulder, both appearance and roughness characteristics are enhanced. Seepage relief for
the basin slab should be provided.

This type of structure has a moderate level of construction difficulty, The wall, once
foundation conditions are addressed, is conventional construction. It is very possible for
the construction of the seepage control and earthwork to go awry and problems to go
undetected until the time of failure. The flat concrete or grouted rock placement 1s easier
for the contractor than graded rock placement/quality control, but again poor placement
and undetected subsoil, bedding or rock problems can result in failure. Thus, it is easier
than many other types to construct, but susceptible to some hidden risks and problems.

7.3.4.3 Vertical Riprap Basin Drops: As shown in Figure 7.16, this structure is
essentially a plunge pool drop that incorporates a reinforced concrete crest wall with a
riprap lined dissipation pool below. A nearly rectangular crest section is recommended
to reduce the width of the plunge pool.
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Maximum drop depth for a vertical riprap basin is limited to 3 feet due to safety
considerations and the practicality of obtaining the larger riprap needed for higher
drops.

Submergence by high tailwater can limit the dissipation efficiency.

= Thehydraulic destgr-was-develeped through-moedeltesting by Smith-and Strangin 967 - -

(Scour in Stone Beds) and design procedures were further developed by Stevens in 1981
(Hvdraulic Design Criteria for Riprapped Chutes and Vertical Drop Structures).

In this structure, flow passing over the vertical crest wall plunges into a riprap basin
area. Energy is dissipated by turbulence in the plunge pool. Loose riprap is placed in the
basin according to the initial design specifications. The rock is successively rearranged
by inflows until a more stabilized basin plunge pool is formed. The depth of the scour
hole, d,, and the nominal rock size are inversely related.

Structural design for-thesvertical crest- wall is complicated by the lack of downstream
support, seepage, soil saturation and hydraulic loading on the upstream side. In sandy
or erosive soils, it is common to use sheet pile for the crest wall construction, while
caissons may be an acceptable foundation for certain other applications. A concrete
retaining wall is frequently selected for ease of construction, seepage control and low
maintenance.

General Hydraulic Design Procedure: The hydraulic analysis of this iype of drop is
generally similar to that presented in Section 7.3.4.2 for crest hydraulics. The design of
the flexible plunge pool basin is described below.

The desired drop across the structure is the difference in the bed elevations of the
approach channel at the weir and the downstream channel at the end of the structure. Let
this difference be H,. It follows from Figure 7.16 that:

H, - D-0.67d, (7.16)

The designer must find the combination of rock size and jet plunge height D that gives
a depth of scour which balances Equation (7.16). The relation between rock size d., jet
plunge height D, head on the weir, H, (H = 1.5y_) and depth of scour ¢ is given in
Figure 7.17. As these values will be different in the main drop and the trickle, the design
ds, and/or d, will vary.

To obtain an adequate cutoff, the depth of the vertical wall that forms the weir crest
must extend below the bottom of the excavation for the riprap. Thus, it usually becomes
uneconomical to design a scour depth d,, any greater than 0.3D. To meet this limitation
in the field it is necessary to: increase the rock size d.,; decrease the jet plunge height
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D (by using more drops); decrease H (by using a wider suucture); or, to use another type
of drop structure.

The side slopes in the basin must be riprapped also as there are strong back currents in
the basin. Granular filter material is required under this riprap. The side slopes in the

hasin should be the same slope as for the downstream channel.

Construction Considerations: Foundation and seepage concerns are critical with regard

an equivalent vertical drop into a hard basin because the riprap basin may scour and
reshape, leaving less supporting material on the downstream side. Thus, if seepage is
worse than anticipated, backfill is poor, or if seepage control measures are not
functioning, an immediate and severe structure stability problem can occur. The use of
caissons or pile can mitigate this effect. Seepage problems can result in displacement
of the vertical wall with no cracking as an advance warning. Seepage can also cause
piping failure where the water will actually flow under the vertical wall. Problems can
result from rock that does not meet specificaticns for durability, specific gravity or
gradation. Quality control of rock installation can be difficult in regard to measuring
performance and maintaining consistency. Undersized rock in the plunge pool basin can
cause the basin to reshape difterently than designed and result in stability problems for
the wall, the basin, and the downstream channel.

This type of structure has a moderate level of construction difficulty. The wall, once
foundation conditions are addressed, is straight forward. It is very possible for the
construction of the seepage control and earthwork to go awry and for problems to go
undetected until the time of failure. The flat riprap placement is easier than sloping, but
again poor placement and undetected subsoil, bedding, or rock problems can all
contribute to failure.

7.3.4.4 Sloping Concrete Drops: The hydraulic concept of these structures is to
dissipate energy by formation of a conventional hydraulic jump, usually associated with
a reverse current surface flow as the supercritical flow down the face converts to
subcritical flow downstream.

Numerous concepts have been investigated. Among them are the Saint Anthony Falls
(SAF) Stilling Basin, and the USBR Basins I, IT, IT, and IV (USDOT, FHWA, HEC- 14,
[983; and Peterka 1984). These drops and associated basins are suited for different
kinds of situations.

The Saint Anthony Falls Stilling Basin and the USBR Basins (with the exception of
Type 1) all work at techniques to shorten the basin length. In the USBR Basin I, no
special measures are provided. On the smooth concrete basin it can take considerable
basin length to "burn off” enough energy to dissipate the supercritical flow of where a
jump will begin, and then more length to allow for the turbulence of the jump. Basin I
is relatively expensive because of its length, The other basins require a certain amount
of tailwater, which requires depressing the basin, and the use of baffles or other shapes
to allow shorter basins, related dissipation, and control of troublesome wave patterns.
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= §tilling-Basing and-Energy Dissipators{Peterka 1984).+

Figure 7.18 illustrates the various types of stilling basins for use with sloping concrete
drops.

General Hydraulic Design Procedure: Design procedures for USBR Basins I, 11, and
IV and the SAF Stilling Basin are presented in Hydraulic Design of Energy Dissipators
for Culverts and Channels (USDOT, FHWA, HEC-14, 1983) and fhdmuhc Des:gn of

Analysis of channel appreach and crest hydraulics generally follows the guidelines
presented in Section 7.3.2. Once water surface profiles have been determined, including
tailwater determination and supercritical water surfaces down the sloping face, seepage
uplift forces must be evaluated. Net uplift forces vary as a function of location along the
drop, cutoff measures, drain gallery locations and water surface profiles through the
basin.

For a stable structure, net uplift force from seepage must be countered by net forces in
the downward direction. For a smooth concrete chute, dewnward forces are the buoyant
weight of the concrete structure and the weight of water (a function of the depth of
flow). Significant pressure differentials can occur with a combination of high seepage
forces and shallow supercritical flow. Seepage analyses should be conducted using
Lane's weighted creep methodology (Section 7.3.2.5), and suitable countermeasures
designed. Such measures include cutoff walls, weep drain galleries and concrete slab
thickness design. A range of flood discharges should be evaluated, since differential
pressure relationships can vary with flow depth and location ot hydraulic jump.

Construction Considerations: There may be applications where sloping concrete drops
are advantageous, but generally other drops such as baffle chutes or vertical drops are
more appropriate for a wider range of applications. The design guidance provided by the
literature is clear and relatively easy to use, but the implementation is often difficult or
impractical. This basically has to do with providing basin depth without creating a
maintenance problem and less flexibility in adapting to varying bed conditions.

The integrity of the cutoff is important as seepage and resultant uplift forces are key
concerns. Uncontrolled underflow could easily lift a major concrete slab.

The stilling basin should be designed to drain completely, to eliminate nuisances related
to ponded water, such as mosquito breeding and sediment/debris accumulation.

Considerations relating to general concrete construction are the same as discussed
previously for baffle chute drops. Public acceptability is likely to be low in urban areas.
as the sloping concrete face is inviting for bicyclists, roller skaters, and skateboard
enthusiasts.
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Stilling Basins for Sloping Concrete Drops
(Adapted from: USDOT, FHWA, HEC-14, 1983)
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7.3.4.5 Other Types of Drop Structures: There are nimerous other types of drop
structures for specific applications in drainage design. The four types of structures
presented above are appropriate for the majority of situations to be encountered in
Maricopa County. Some possible variations or modifications are presented below along
with a few specialized types.

Sloping Drop Variations: The use of soil cement, roller compacted concrete, and
grouted boulders are possible variations in sloping drop design. The primary concern

with setl scement is ts-ability-to -tesist«the -high-abrasive-action-of turbulent-flow. .

associated with a drop structure. Adequate countermeasures would be required to
demonstrate the suitability of soil cement prior to its approval for use on drop structures.

Addition of roughness elements on the face of a sloping concrete drop can provide
increased energy dissipation, "Stepped" concrete has been successfully ‘applied at
spillways and drop structures. Roller compacted concrete is a methodology that can
achieve the stairstep geomeltry on the face of a sloping drop. Reinforced concrete steps
can be constructed by standard construction methods on small structures.

Construction of .a drop with grouted boulders is another means of creating desirable
roughness on the sloping face and in the stilling basin (see Figure 7.19).

However, because the structure is comprised of a structural slab with two components
(boulders and grout), great care must be taken to design the structure to withstand uplift
and to specify boulder and grout material to assure full quality control in the field.
Seepage analysis is required to determine a compatible combination of cutoff depth,
location of the toe drain and/or other drains, and the thickness of rock and grout.
Problems with rock specific gravity, durability and hardness are of concern. Gradation
problems are largely eliminated because the boulders are specified to meet minimum
physical dimensions and/or weights, which is much easier to observe and enforce in the
field than with graded riprap.

The handling of the large boulders requires skilled work force and specialized
equipment. Equipment similar to logging tongs, and specially modified buckets with
hydraulically powered "thurmbs" have been used in recent years and have greatly
improved quality and placement rates. The careful placement of stacked boulders, so
that the vpstream rock is keyed in behind the downstream rock, and placed with a large
flat surface horizontally, has been shown to be successful.

The greatest danger lies with a "sugar coated" grout job, where the grout does not
penetrate the voids between the rock and the subgrade, leaving a direct piping route for
water under the grout. This can easily occur when attempting to grout graded riprap,
thus the need to use individual boulders that are larger in diameter than the grout layer
so that the contractor and the inspector can see and have grout placed directly to the
subgrade. The best balance appears to be boulders 33 to 50 percent greater in size than
the grout thickness, but of an overall weight sufficient to offset uplift. Also, when
holding grout to this level, the appearance will be much better.
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2" PVC @ 4' 0.C. BOTH WATS,
COVER DURING GROUTING, CUT
TO 2" ABOVE FINISHED SROUT
GRAGE, INSTALL 2" 90° PVC
BENG POINTING DOWNSTEAM.

TN

L &" MiNIMUM
VINTERLOCK

Zﬁ ‘ _j\:'ARIES

XFCSED SURFACES

BROUT

GRAVEL GALLERY LINED AND
COVERED WITH FILTER

MATE RIAL
- \\ J
L \\ “l\j
\ T
“END OF 2" VE TO EXTEND 3" INTO
NOTES: GRAVEL GALLERY. SECURE STAINLESS
1) CLEAN ALL DIRT FROM VOIDS BEFORE GROUTING. STEEL 3/16" {max.) MESH TO END OF-

2} PLACE BOULBERS WITH FLATTEST SURFACE ON TOR PIPE.
AND HORIZONTAL. PLACE BOULDERS IN INTERLDCKING
FASHION, TOUCHING ADJACENT BOULDERS AND MINI-
MIZING VOIDS.

3} EPTH OF ROCK {Dr) AND DEPTH OF GROUT (Dg) AS
CALLED OUT ON PLANS.

4} GROUT T0 PENETRATE FULL DEPTH OF ROCK AND
FILL ALL VOIDS.

5} CLEAN ALL GROUT FROM EXPOSED SURFACES.

6] GRAVEL GALLERIES ARE CALLED OUT ON PLANS
AS" W (width of gailery) GRAVEL GALLERY (ies)

"“S" {spacing between gallaries) O.C.

Figure 7.19
Grouted Boulder Placement
(McLaughlin Water Engineers, Lid,, 1986)

The grout should have a minimum 4,000 psi compressive strength at 28 days, stone
aggregate with a maximum dimension of one-half inch and a slump within a range of
4 to 7 inches. The water/cement ratio should not exceed 0.48. Addition of synthetic fiber
reinforcement is also recommended to provide crack control, increased durability, and
increased abrasion resistance.

Other USBR Basins: Some other stilling basins developed by the USBR (Peterka 1984)
have limited application. For example, Basin I is basically a horizontal concrete apron
downstream of a sloping or vertical drop. This type of basin is applicable only to a
concrete lined channel, and, as the USBR states, has wave problems that are difficuil to
overcome, Maintenance of sufficient tailwater depth 1s important to cause a hydraulic
jump within a practical zone close to the toe of the drop. Generally, other types of
USBR basins are better alternatives to Basin I.
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Figure 7.20
Box Inlet Drop Structure
(Adapted from: FHWA, HEC-14, 1983)
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JSBR Basir V is a stilling basin with sioping apron, and provides dissipation as
effective as that which occurs in the basin with a horizontal apron. Again, adequate
tailwater 1s a must. This type of structure would have an application as a spillway into
a pond with a permanent pool, so that minimum tailwater is essentially guaranteed.

Box Inlet Drop Structure: The box inlet drop structure may be described as a
rectangular box open at the top and downstream end (Figure 7.20). Water is directed to
the crest of the box inlet by earth dikes and headwalls. A flow enters over the upstream

o epandanddwosidesianddeavesdhestructurethrough.the-open:downstream.end..:-The long ...

crest of the box inlet permits large flows to pass at relatively low heads. The width of
the structure does not need to be greater than the downstream channel. Tt is applicable
for drops from 2 feet to 12 feet,

The outlet structure can be adjusted to fit a wide variety of field conditions. It is possible
to lengthen the straight section and cover it to form a highway culvert. The sidewalls of
the stilling basin section can be flared if desired, thus permitting use with narrow
channels or wide floodplains. Flaring the sidewalls also makes it possible to adjust the
outlet depth to match the natural channel.

Design guidelines are presented in Hydraulic Design of Ene?gj Dis&ipators for' Culvert
and Channels (USDOT, FHW A, HEC-14, 1983).

7.3.4.6 Low Flow Check Siructures: L.ow flow check structures and associated erosion
control techniques can be effective in stabilizing natural channels and other unlined
channels. With the advent of floodplain management and regulation, private developers
are frequently directed to preserve the floodplain. Unfortunately, urbanization creates
more frequent and sustained flows. The overall floodplain may remain relatively stable,
but the low flow channel becomes more susceptible to erosion.

Stream stabilization of base flow channels involves determination of the stable slope and
configuration for a variety of frequent runoff rates, with particular emphasis on the
dominant discharge (mean annual flood). Local soils, bed materials, and sediment
gradation must be considered.

Low flow check structures are designed to provide control points and establish/maintain
stable bed slopes within the base flow channel. Other options include low flow (trickle)
channel lining, toe riprap, control sills across the floodplain, revetments, and groins.

Check structures are frequently submerged during higher flood events. The application
and sizing is complex because of the need to address a wide range of flows. Although
the checks may stabilize the channel for low flows, they may be in jeopardy from mid-
to high-range flows as water goes around the check abutments. Extensive care is needed
with seepage cutoff and abutments that key far back into areas that are less likely to be
damaged during high flows. Care should be taken to have a depressed stilling area to
avoid a secondary drop at the end to the drop. In any case, ongoing maintenance of
check structures will be likely and should be considered in the design so later repairs are
practicable.
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7.4

Conduit Outlet Structures

7.4.1

General

Concrete energy dissipation or stilling basin structures are required to prevent scour

wdamages:cavsed by highexat veloeiies.and flow:-expansion.turbulence.at conduit-ontlets... .

7.4.2

Outlet structures can provide a high degree of energy dissipation and are generally
effective even with relatively low tailwater control. Rock protection at conduit outlets
is appropriate where moderate outlet conditions exist; however, there are many
situations wherc rock basins are impractical even at low to moderate flow conditions.
Concrete outlet structures can be designed easily and are suitable for a wide variety of
site conditions. In some cases, they are more economical than large rock basins,
particularly where long term costs are considered.

Riprap Protection at Conduit Qutlets

7.4.2.1 General Operating Characteristics: A stilling basin constructed of loose,
graded riprap can be an effective and economical energy dissipation measure for a
condvit outlet. Hydraulic Design of Energy Dissipators for Culverts and Channels
(USDOT, FHWA, HEC-14, 1983}, contains a design procedure for riprap energy
dissipators based on studies conducted at Colorado State University and sponsored by
the Wyoming Highway Department. The following conclusions were drawn from an
analysis of the experimental data and observed operating characteristics.

»  The depth (h,), length (L,). and width (W} of the scour hole were related to the
characteristic size of riprap (d,). discharge (Q}, brink depth (Y,), and tailwater
depth (TW}.

»  The dimensions of a scour hole 1n a basin constructed with angular rock were
approximately the same as those of a scour liole in a basin constructed of
rounded material when rock size and other variables were similar.

»  When the ratio of tailwater depth to brink depth (TW/Y ) was less than 0.75 and
the ratio of scour depth to size of riprap (h/d.,) was greater than 2.0, the scour
hole functioned very efficiently as an energy dissipator. The concentrated flow
at the culvert brink plunged into the hole, a jump formed against the downstream
extremity of the scour hole, and flow was generally well dispersed as it left the
basin.

»  The mound of material which formed on the bed downstream of the scour hole
contributed to the dissipation of energy and reduced the size of the scour hole;
i.e., if the mound from a stable scoured basin was removed and the basin was
again subjected to design flow, the scour hole enlarged somewhat.
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»  For high tailwater basins (TW/Y > greater than 0.75) the high velocity core of
witer emerging from the culvert retained its iet-like character as it passed
through the basin, and diffused in a manner very similar to that of a concentrated
jet diffusing in a large body of water. As a result, the scour hole was much
shallower and generally longer. Consequently, riprap may be required for the
channel downstream of the rock-lined basin.

- - tzeneral details-of the basin -are.shown n-Figure 7.2 1.and.the principal dfeatures are: .

» The basin 1s preshaped and lined with riprap of median size ds,.

»  The surface of the riprapped floor of the energy dissipating pool is constructed
at an elevation, h,, below the culvert invert. Elevation h_ is the approximate
depth of scour that would occur in a thick pad of riprap of size d,, constructed
at the outfall of the culvert if subjected to design discharge. The ratio of h, to dg,
of the material should be between 2 and 4.

»  The length of the energy dissipating pool, L, is 10 h, or 3W whichever is larger.
The overall length of the basin, L,, 18 15 h, or 4W_whichever is larger.

7.4.2.2 eneral Hydraulic Design Procedure:

1. Estimate the flow properties at the brink of the culvert, Establish the brink invert
elevation such that TW/Y, < 0.75 for design discharge.

!\)

For subcritical flow conditions (culvert set on mild or horizontal slope), use
Figure 7.22 or Figure 7.23 to obtain Y /D, then obtain V, by dividing Q by the
wetted area associated with Y, D is the height of a box culvert. If the culvert is
on a steep slope, V, will be the normal velocity obtained by using the Manning
equation for appropriate slope, section, and discharge.

3. From site inspection and from field experience in the area, determine whether
or not channel protection is required at the culvert outlet,

4. If the channel protection is required, compute the Froude number for brink
conditions (y, = (A/2)" for non-rectangular culverts). Select dy/y, appropriate
for locally available riprap (usually the most satisfactory results will be obtained
if 0.25 < dgyfy, < 0.45). Obtain h/y, from Figure 7.24, and check to see that 2 <
h/d,, < 4. Recycle computations if h/d, falls out of this range.

5. Size basin as shown in Figure 7.21.
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Figure
Details of Riprapped Culvert Energy Basin

{(USDOT, FHWA, HEC- 14, [983)
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Dimensionless Rating Curves for the Outlets of Rectangnlar
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Figure 7.24
Relative Depth of Scour Hole versus Frounde Number at Brink of Culvert

with Relative Size of Riprap as a Third Variable
(USDOT, FHWA, HEC-14, 1983)
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Design procedures where allowable dissipator exit velocity is specified:

»  Determine the average normal flow depth in the natural channel for the
design discharge.

» Extend the length of the energy basin (if necessary) so that the width of the
energy basin (at Section A-A, Figure 7.21), times the average normal flow

- depth-inthe natural chahnelis“approximately-equal'to‘the design discharge =

divided by the specified exit velocity.

In the exit region of the basin, the walls and apron of the basin should be warped
(or transitioned) so that the cross section of the basin at the exit conforms to the
cross section of the natural channel. Abrupt transition of surfaces should be
avoided to minimize separation zones and resultant eddies.
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Figure 7.25

Distribution of Centerline Velocity for Flow from Submerged QOutlets
(To be used for predicting channel velocities downstream from culvert outlets where high tailwater prevails)

(Simons, et al, 1970; and USDOT, FHWA, HEC-14, 1583)
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&. I high tailwater 38 a possibility and erosion protection is necessary for the
downstream channel, the following design procedure is suggested:

Design a conventional basin for low tailwater conditions in accordance with the

mnstructions above. Estimate centerline velocity at a series of downstream cross

sections using the informatiou shown in Figure 7.25. Shape downstream channel

and size riprap using guidelines presented in Chapter 6 and the stream velocities

obtained above.
Additiona] information regarding design of riprap basins for conduit outlets may be
found in Hydraulic Design of Energy Dissipators for Culverts and Channels (USDOT,
FHWA, HEC-14, 1983).

7.4.3 Concrete Qutlet Structures

This section provides hydraulic concepts and design criteria for an impact stillirig basin
and adaptation of a baffled apron to conduit ountlets. Initial design selection should
include at least the following aspects concerning conduit outlet-structures.

1. High energy dissipation efficiency is required - hydraulic conditions exceed the
[imits for alternate designs (such as riprap outlet protection).

n

Low tailwater control is anticipated. For example, at outfalls to
detention/retention facilities that are empty or have low water levels.

3. Use of concrete is more economical due to structure size or local availability of
materials.

4. Site conditions direct the use of an outlet structure such as public use areas
where plunge pools and standing water are vnacceptable or locations with severe
space limitations.

7.4.3.1 Impact Stilling Basin: Design standards are based on the USBR Type VI Basin,
commonly referred to as an impact dissipator or conduit outlet stilling basin. The Type
VI Basin is a relatively small structure which produces highly efficient energy
dissipation characteristics without tailwater control. The original hydraulic design
reference is Hydraulic Design of Stilling Basins for Pipe or Channel Outlets (Peterka,
1984). Additional structural details are provided in Design of Small Canal Structures
(USBR, 1974).

The structure is designed to operate continuously at the design flow rate. Maximum
entrance conditions are up to 30 feet per second velocity and Froude number less than
9.0. Conditions exceeding this criteria would be extremely rare in typical urban drainage
applications. As a result, the use of this outlet basin is limited only by structural and
economic considerations.
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Energy dissipation 1s accomplished through momentum transfer as flow entering the
basin impacts a large overhanging baffle. At high flow, further dissipation is produced
as water builds up behind the baffle to form a highly turbulent backwater zone. Flow is
then re-directed under the baffle to the open basin and out to the receiving channel. A
sill at the basin end reduces exit velocities by breaking up the flow across the basin floor
and improves the stilling action at low to moderate flow rates. A notch is recommended
in end sills to provide for low flow drainage.

« ««The+generalized-design-configuration«(Fipure 7 :26)-consists of-an-open eoncrete box

attached directly to the conduit outlet. The side walls are high enough to contain most
of the splashing during high flows and slope down to form a transition to the receiving
channel. The inlet pipe is vertically aligned with an overhanging L-shaped baffle such
that the pipe invert is not lower than the bottom of the baffle. The end sill height is equal
to the height under the baffle to produce tailwater in the basin. The alternate and
transition (at 45 degrees) is recommended for grass lined channels to reduce the overall
scour potential just downstream of the sill.

The standard USBR design has been modified for urban applications to allow drainage
of the basin bottom during dry periods. The impact basin can also.be adapted to multiple
pipe installations. These modifications are discussed following the basic criteria. It
should be noted that modifications to the design may affect the hydraulic performance
of the structure. Model testing is advised for significant changes to the design,

General Hydraulic Design Procedure for Stilling Basins:

1. Determine the design pipe flow rate Q and the effective flow area A at the outlet.
For partial flow conditions, refer to the partial flow diagram in Section 7.3.
Using the relationship Q = AV, determine the flow velocity V at the pipe outlet.
Assume depth D = A% and compute the Froude number = V/(gD)*

2. The entrance pipe should be turned horizontal at least one pipe diameter
equivalent length upstream from the outlet. For pipe slopes greater than 15
degrees, the horizontal length should be a minimum of two pipe diameters.

3. Do not use this type of outlet energy dissipator when exit velocities exceed 50
feet per second or Froude numbers exceed 9.0. These conditions would be
extreme and must be considered as special cases. Performance is achieved with
a tailwater depth equal to half full flow level in the pipe outlet.

4. Determine the basin width (W) by entering the appropriate Froude number and
effective flow depth on Figure 7.27. The remaining dimensions are proportional
to the basin width according to the legend in Figure 7.26. Note that the baffle
thickness, t, is a suggested minimum. It is not a hydraulic parameter and is not
a substitute for structural analysis.

The basin width should not be increased since the basin is inherently
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Figure 7.26
General Design of the USBR Type VI Impact Stilling Basin
{Adapted from: Peterka 1984)
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"w' is the inside width of the basin.

"D" represents the depth of flow entering the basin and is the
square root af the flow areg «t the conduit outlet.

"v" is the velocity of the incoming flow.

The tailwater depth is uncontrolled.

Figure 7.27
Design Width of the USBR Type VI Basin
{Adapted from: Peterka, 1684)
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oversized for less than design flows. Larger basins become less effective as the
inflow can pass under the baffle.

Lh

Structure wall thickness, steel reinforcement, and anchor walls (underneath the
floor) should be designed using accepted structural engineering methods.
Hydraulic forces on the overhanging baffle may be approximated by
determination of the jet momentum force:

5. Riprap with a minimum D,, of 18 inches should be provided in the receiving
channel from the end sill to a minimum distance equal to the basin width. The
depth of rock should be equal to the sill height or at least 2.5 feet. Rock may be
buried beiow finished grades and the area vegetated as desired to match the site.

7. The alternate end sill and wingwall shown in Figure 7.26 is recommended for
all grass lined channels to reduce the scour potential below the sill wall.

- Low Flow Modifications: The standard design will retain a standing pool of water in
the basin bottom which is generally undesirable from a safety and maintenance
standpoint. This situation should be alleviated where practical by matching the receiving
chaunel low flow depth to the basin depth, see Figure 7.28.

A low fiow gap is extended through the basin end sill wall. The gap in the sill should
be as narrow as possible to minimize effects on the sill hydraulics. This implies that a
narrow and deeper (1.5 to 2-foot) low flow channel will work better than a wider gap
section. The low flow width should not exceed 60 percent of the pipe diameter to
prevent the jet from short-circuiting through the cleanout notches.

Low flow modifications have not been fully tested to date. Caution is advised to avoid
compromising the overall hydraulic performance of the structure. Other ideas are
possible including locating the low flow gap at one side (off center) to prevent a high
velocity jet from flowing from the pipe straight down the low flow channel.

The optimal configuration results in continuous drainage of the basin area and helps to
reduce the amount of sediment entrapment.

1. For large basins where the sill height is greater than 2.0 feet, the depth
dimension, d, (in Figure 7.26) may be reduced to avoid a secondary drop from
the sill to the main channel. The low flow invert thereby matches the floor invert
at the basin end and the main channel elevation is equal to the sill. Dimension
d should not be reduced by more than one-third and not less than 2 feet. This
implies that a deeper low flow channel (1.5 to 2.0 feet) will be advantageous for
these installations.
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Note that dimension d is also reduced 4t the minimum pipe invert height and at
the bottom of the batfle wall.

2. A sill section should be constructed directly in front of the low flow notch to
break up bottom flow velocities. The length of this sill section should overlap
the width ot the low flow by about I foot. The general layout {cr the low flow
modifications is shown in Figure 7.28.

sMudtiple Gonduit-dnstallations ;W
outlets in close proximity, a composite structure can be constructed to take advantage
of common walls. This can be somewhat awkward since each basin "cell" must be
designed as an individual basin with different dimensions. Where two conduits of the
same size have close outlets, the structures may be combined into a single basin as
shown in Figure 7.28,

The total width of a combined dual inlet basin can be reduced to three-fourths of the
total width for separate basins. For example, if the design width for each pipe is W, the
combined basin width would be 1.5W.

The effect of mixing and turbulence of the combined flows in the basin has not been
model tested to date. It is suggested that no wall be constructed to separate flow behind
the baffle, thereby allowing greater turbulence in the combined basin.

Remaining structure dimensions are based on the design width of a separate basin W.
If the two pipes have different flows, the combined structure should be based on the
righer FFroude number flows.

7.4.3.2 Baffle Chute Energy Dissipator: The baffle chute developed by Peterka (1984)
has also been adapted to use at pipe outlets. This structure is particularly well suited to
situations with very large conduit outfalls and at outfalls to channels in which some
future degradation is anticipated. As mentioned previously, the apron can be extended
at a later time to account for channel subsidence. Generally, this type of structure is only
cost effective if a grade drop is necessary below the outfall elevation and a hydraulic
backwater can be tolerated in the culvert design.

Figure 7.29 illustrates a general configuration for baffled outlet for a double box culvert
outlet. In this case, an expansion zone occurs just upstream of the approach depression.
The depression depth is designed as required to achieve the flow velocity at the chute
entrance as described in Section 7.3.4.1. The remaining hydraulic design is the same as
for a standard baffle chute. The same crest modifications are applicable to allow
drainage of the approach depression, to reduce the upstream backwater effects of the
baffles, and to reduce the problems of debris accumulation at the upstream row of
baffles.

An eftective means of controlling velocities within the culvert is the use of reinforced
concrete pipe (RCP) velocity control rings. The culvert velocity reduction by internal
energy dissipators (velocity control rings or roughness elements) force the hydraulic
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jump to oecur within the culvert, thus eiiminating costly outlet structures. The design

procedures can be found in Concrete Pipe Hundbook {ACPA, 1988) and HEC-14
(USDOT, FHW A, 19833

Special Channel Structures

. Channel Transitions

A flow transition is a change of the open channel flow cross section designed to be
accomplished in a short distance with a mininium amount of flow disturbance. Types
of transitions are illustrated in Figure 7.30. Of these. tie abrupt (headwall) and the
straight line (wingwall) are the most common.

Specially designed open channel flow transitions (contractions) are normally not
required for highway culverts. A culvert is normally designed to operate with an
upstream headwater pool which dissipates the channel approach velocity and, therefore,
negates the need for an approach flow transition. The side and slope tapered inlets for
culverts are also designed primarily as submerged transitions and are discussed in
Chapter 3.

Special inlet transitions are useful when the conservation of flow energy is essential
because of allowable headwater consideration such as an irrigation structure in
subcritical flow, or where it is desirable to maintain a small cross section with
supercritical flow in a steep channel.

Outlet transitions (expansions) must be considered in the design of all culverts, channel,
protection, and energy dissipators. Design considerations for subcritical channel
transitions are presented in Hydraulic Design of Energy Dissipators for Culverts and
Channels (USDOT, FHWA, HEC-14, 1983)

Supercritical Fl tructures

7.5.2.1 Acceleration Chutes: Acceleration chutes, whether leading into box culverts,
pipes, or high velocity open channels, are often used to reduce downstream cross
sections, hence, reducing costs, Chute spillways may be used in connection with both
off-stream and on-stream detention reservoirs for a eontrol structure and/or a spillway.

Acceleration chutes are potentially hazardous if inadequately planned and designed (see
USBR 1974; Peterka 1984; and SCS 1976). High velocity flow can wash out channels
and structures downstream in short order, resulting in property darnage and uncontrolled
flow.
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WEDGE ABRUPT

Figuare 7.30
Channel Transition Types
(Adapted from: USDOT, FHWA, HEC-14, 1983)
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The references cited previously address acceleration chutes i greater detail than can be
discussed i this manual, Refer to these publications for a detailed analysis.
Chutes have fugr component parts:

1. Inlet

2. Vertical Curve Section
3. ('_';0;'1@1'(31,{:‘, Steﬁpiy S}D_;’aet;.drnlﬂ‘nnlf:l.
4. Outlet

Several types of iniets can be incorporated depending on the physical conditions and the
ivpe of control desired, particularly when using chute spillways for off-stream detention
facilities, The types of inlets to be considered are:

»  Straight Tnlet

Box Inlet

»  Side-Channel Inlet
e Culvert Inlet

*  Drop Injet

Normally, the flow must remain at supercritical through the length of the chute and into
the channel or conduit downstream. Care must be exercised in the design to insure
against an unwanted hydraulic jurnp in the downstream channel or conduit, The analysis
must include computation of the energy gradient through the chute and in the
downstream channel or conduit.

7.5.2.2 Bends: Structures are generally unnecessary in subcritical flow channels unless
the bend is of smail radius. Structures for supercritical flows are complex and require
careful hydraulic design to control the flow.

Bends are normally not used in supercritical flow channels because of the costs involved
and the hazards introduced. It 1s possible to utilize banking, casement curves, and
diagonal sills (Knapp, 1951). Sometimes outside bank rollover structures might even be
considered. All of these, however, are generally out of place in urban drainage works.
Additional design guidelines for open channel bends may be found in Hydraulic Design
of Flood Control Channels (USACE, 1991).

When a bend is necessary, and it is not practical to first take the flow into subcritical
flow, the designer will generally conclude that the channel should be placed in the
closed conduit for the entire reach of the bend, and downstream far enough to eliminate
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7.6

the main oscillations. A model test is usually required on such structures. Furthermore,
the forces exerted on the structure are large and must be analyzed.

The forces involved with hydraulic structures are large, and their analyses are often
complex. The forces created can cause substantial damage if provisions are not made for
their control. In bends, forces are usually larger than what is intuitively assumed. The
momentum equation permits solution for the force acting upon the flow boundary at a

bend.

F, - MAV (7.18)

where Av represents the change in direction and/or magnitude of the velocity through
the section bend.

The force due to pressure on the bend should also be calculated when conduits flow
under pressure.

AP - g(mﬂ) | | (7.19)

where AP represents the pressure change caused by the difference in the squares of the
velocities through the bend. The total exerted force on the bend by the water, the total
of momentum and pressure forces, must be counteracted by external forces. Allowable
soil bearing should be determined using soil tests if necessary. Forces which cannot be
handled by conduit bearing on the soil must be compensated for by additional thrust
blocks or other structures.

Safety

Hydraulic structures constructed in Maricopa County will usually be subject to public
access.

Designs for hydraulic structures must address the issue of safety, First, signage must
be provided to identify the potential hazard of flooding or dangerous flow measures
to the public. Second, appropriate measures must be designed to keep the public
away from hazardous locations. For example, vertical drop structures should not
exceed 3 feet in height, and adequate fencing or railings must be provided along all
other walls, such as wing walls or training walls.

Additional considerations for safety are discussed in Chapter 5.
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Operation, Maintenance and Aesthetic Considerations

~4
~d

Operation and Maintenance

Hydraulic structures should be designed so they can be maintained. As with other
drainage facilities, maintenance operations will consist of scheduled and unscheduled

-.operatiens.:Scheduled operations.dnclude-rnewing,.debris removal.graffiti.removal,.and . ..

rock replacement, Unscheduled operations are those which follow a storm event and
include debris removal, rock replacement, erosion repair, fence or railing repair and
other activities for which the frequency and scope cannot be predicted. Some
maintenance considerations appropriate for hydraulic structures are presented below.
Access to key areas (i.e. crest area, stilling basin area) for maintenance equipment and
personnel is the primary consideration commen to all structure types.

A 4:1 slope is recommended as a minimum for mowing equipment on Jandscaped or
grass bank and transition slopes. The local jurisdictional agency should be consulted
regarding special circumstances for specific site constraints where a steeper slope may
be necessary.

Transition areas upstream and downstream of the structures should be designed to drain
completely. This applies particularly to stilling basins.

Selection and placement of rock for a stilling basin or upstream of a drop crest should
consider a size range not easily displaced by flow as well as one not easily moved by
vandalism. Grouted boulders are a suitable alternative.

Open channels are recommended in lieu of pipes for conveyance of low flows
through the drop structure area. Pipes may plug or frequently overtop, leading to
additional maintenance problems. Pipes should be no smaller than 24 inches in

diameter. \
—|

Riprap should be provided at likely scour areas that are relatively expensive to access
and repair later.

Structure Aesthetics

7.7.2.1 General: Acsthetics, safety, recreation, and overall integration with nearby land
uses are important aspects in the design of hydraulic structures. The design and
planning, construction, and maintenance of hydraulic structures and natural
drairageways in an urban setting all offer opportunities for promoting aesthetic design
and habitat features. Maximizing functional uses while improving visual guality requires
good planning from the onset of the project, and the coordinated efforts of the
owner/client, engineer, landscape architect, and planner.
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The significance of providing an aesthetic and visually appealing project depends on the
number, type, and frequency of viewer; the viewing angle; project location; and the
overall environment of the project area. Aesthetic considerations are site and project
specific.

The combination and diversity of forms, lines, colors, and textures create the visual
experience. Material selection and landscape design can provide visual character and
create interesting spaces in and around hydraulic structures.

7.7.2.2 Open Spaces and Parks: Creative planning concepts in urban and urbanizing
areas, particularly in residential areas, emphasize multiple uses of flood control,
recreation, and open spaces. Cluster housing and good subdivision planning may be
coordinated to offer opportunities to maintain the natural habitat characteristics of the
drainageway while fulfilling open space and recreation requirements.

Multiple use of flood control structures and open space parks has proven to be an
effective and aesthetic land use combination. Athletic fields and detention areas which
remain dry most of the time have been used in many communities. The design of
overflow structures-and crest controls can be combined with.concrete pathways to blend
with a park lined environment.

7.7.2.3 Materials: A variety of materials and finishes are available for use in hydraulic
structures. Concrete color additions, exposed aggregates and form liners can be used to
create visual interest to otherwise stark walls. The location of expansion and control
joints in combination with reveals can be used to create effective design detailing of
headwalls and abutments. Rock and vegetation can be used for bank stability and
erosion protection around structures to provide visual contrast and diversity, and spatial
character.
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7.8 - Dpesign kxamples for Riprap Basins

7.8.1 Design Example Number |

Given:
£ ft by 6 1t box culvert
Q =800 cis
supercritical flow in culvert
normal tlow depth = brink depih
Y, =4ft
Tailwater depth (TW) = 2.8 1t
Find:
Riprap basin dimensions for these conditions.
Solution:
I. Y, =y, for reclangular section, y, =4 fi
2. %, =Q/A =800/(4)(8) = 25 fps
3. F. =V/[(322)(y 1™ = 25/[(32.2)(4)]** = 2.20
4, TW/y =2.8/40=0.7, TW/y, <075

5. Try dey/y, =045, dgy=(045)(4) = 1.80 1t
From Figure 7.24, h/y, = 1.6
h, = (4)(1.6) = 6.4 fi
h/d, = 6.4/1.8 =361, 2<h/d,<4

6. From Figure 7.21:
L,=(10)(6.4) =64
L, min = (3)(W,) = 3)(8) = 24 ft, use L, = 64 ft
L, =(15)(6.4) =96 1t
L, min=(4}(W_)=(4)8) =32 ft, use Ly=96ft

Other basin dimensions designed in accordance with details are shown in Figure 7.21.

Use of a filter fabric or engineered blanket is recommended.
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7.8.2 Design Example Number 2
Given:
8 ft by 6 {t box culvert
Q=1800cfs
supercritical flow in culvert
« «pormal flow dépth =brink depth-* -
Y, =41l
Tailwater depth (TW)=4.2 ft
Downstream channel can tolerate 7 fps for design discharge
Find:
Riprap basin dimensions for these conditions.
Solution:
Note: High tailwater depth, TW/Y_=1.05>0.75.
1. Design riprap basin using steps 1 through 6 of Design Example 1.

de=1.8ft; h=641t L=64f; L,=96ft

|

Design riprap for downstream channel. Use Figure 7.25 to estimate the average
velocity along the channel. Compute the equivalent circular diameter, D, for the
brink area, A, from:

A=nD/4=YW,

D,/ 4) = 4(8) = 32 fi?

D, =[4#(B/m) > =64 fi

V., =25 fps (Design Example Number 1)

L \AS
1./D, (compute) (Figure 7.25) \3
10 64 0.59 14.7
15 96 0.36 8.0
20 128 0.30 7.5
21 135 0.28 7.0 J

The channel should be lined with the same size rock used for the basin. Protection must
extend at least 135 feet downstream from the culvert brink.
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8.3 Design Exawple Number 3

Criven:

6 Teet diameter cmp
(Q=135cfs

5, =0.004
Mannings n = 0.024

o Notrial depthi i Pipe Tor Q =135 cfs s 45 feet =

Normal velocity 15 5.9 [ps
Flow 1s subcritical
Tailwater depth (TW) 15 2.0 ft

Find:

Riprap basin dimensions for these conditions.

Solution:

L.

(%]

4.

Determine Y, and V,;

Q/D* = 135/(6)*° = 1.53

TW/D =2.0/6 =0.33

From Figure 7.23, Y /D = 0.45

Y, =(0.45)6)=2.7ft

TWIY =2.0/270=0.74, TW/Y, <0.75 OK
Brink Area (A) for Y /D = 0.45 is:

A =(0.343)(36) = 12.3 £ [0.343 is from Table 7.2}
V= Q/A = 135/12.3 = 11.0 fps

y.= (A/2)> =(12.3/2)° = 2.48 ft
F, =V /(B2.2)(y )1 = 11/[(32.2)(2.48)]° = 1.23

Try do/y, = 0.25, dg, = (0.25)(2.48) = 0.62 ft
From Figure 7.23, h/y, = 0.75, h, = (0.75)2.48) = 1.86 ft
check: h/d, = 1.86/0.62 =3, 2 <hJ/d,, <4 0K

L, =(10)(hy) =(10)(1.86) = 18.6
or
L(3)(W,)=(3)(6)= 18 ft, Use L =18.6 1t
L, = (15)(h,) = (15)1.86) = 27.9ft
or
L, =($(W,)=(4)6) =241, Use L, =279 ft
de, = 0.62 {1, Use d,,= 8 inches

Other basin dimensions designed in accordance with details are shown on Figure 7.21.
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Detention/Retention

8.1 Definition of Symbols

The following symbols will be used in equations throughout Chapter 8.

A = Drainage area, acres
o C = Runoff coefficient, see Table 3.2 of Volume 1, Hydrology
I(t) = [nflow to the system, cfs

a) Outflow from the system, cfs
P = Rainfall depth, inches

S = Storage volume in the system, cfs-hrs or ft’
t = Time, hours
L% = Calculated volume, acre-feet

8.2 Introduction

Detention/retention facilities are man-made storage siructures intended to mirigate the
negative impacts of urbanization on storm drainage, which include:

»  Increased peak flow rates.

+  Loss of natural depression storage.

+  Reduction of infiltration capacity in a drainage basin.

. Reduction of natural vegetation, which, in a natural state, reduces storm runoff
through the process of interception.

¢ Increased pollutant load in surface runoff.

Detention Basin: A basin or reservoir where water is stored for regulating storm water
runoff. A detention basin uses gravity-flow outlets for discharging the stored runoff.
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Detention facilities do not reduce the volume of runoff, they do however lengthen the
time flow will be present in the watercourse downstream of the facility. Due to the
longer duration of flow downstream of detention basins, their use requires greater
analysis to ensure that peak discharges are not increased downstream. Also, the impact
a detention basin has on reducing the peak discharge tends to decline as the frequency
of the event increases. Therefore, care must be taken not to size the outlet too large, and
a range of events should be considered in the analysis.

< Retention-Basin:-A basin-or-reservoir-where -water is stored-for-regulating a flood; «

8.2.1

however, it does not have gravity-flow outlets for discharging stored runoff as detention
basins do. The stored water is disposed by other means such as infiltration into the soil,
evaporation, injection (or dry) wells, or pumping systems.

This chapter presents the engineering methodologies and details associated with the
planning, analysis and design of detention and retention facilities within Maricopa
County. The guidelines herein are intended to achieve the following goals:

1. Design of detention/retention facilities that satisfy the ordinance provisions of
Maricopa County-and/or the individual jurisdictional ageneies within the County
with regard to hydraulic function and maintainability;

b

Design of detention/retention facilities that are amenities, and, where possible,
incorporate multiple-use concepts; and

3.  Design of facilities that will not jeopardize the quality of surface water or
groundwalter resources.

Interaction with Other Components of a Drainage System

Detention/retention facilities are components of an overall stormwater management
system that is also comprised of natural and man-made channels, storm sewers, inlets,
streets and other drainage structures. Their purpose is to provide temporary storage ot
the stormwater runoff from developed areas and to control the increased peak rates of
runoff. Proper planning and design of detention/retention facilities must consider the
interaction of storage with the other components of the drainage system.

The greater the number of storage facilities in a system, the more complex is the
analysis of the interaction of the various discharges. Often the increased costs of
construction and maintenance of a large number of smaller storage facilities offset any
savings in reduced sizes of storm sewers downstream. Planning efforts should be
oriented toward minimizing the number of storage facilities in a drainage basin.

As part of the planning and design process, the engineer must verify that releases from
the detention/retention facility will not adversely impact downstream conditions in terms
of both manner and quantity of flow. Conditions such as peak flow, velocity, flow
concentration, prolongation of flow and quality of discharge are factors to be considered.
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8.2.2 Limitations on Use of Detention/Retention Facilities

The requirement for a development to provide storage of runoff by detention or
retention facilities will not be waived unless determined otherwise by the
jurisdictional agency on a case by case basis.

entire development area. If portions of the area cannot drain to a single storage
facility, then additional facilities may be added to provide control of those areas as
approved by the appropriate jurisdictional agency. The objective is to provide
storage of runoff with a minimum number of detention/retention facilities located
at optimum points within a development area. Whenever possible, the facilities shall
be designed for multiple uses, such as parks or other recreational facilities, to offset
the cost of open space and to encourage improved maintenance.

Residential developments shall have no single lot storage, and the design of
common facilities shall not assume any individual lot on-site storage, unless
approved by the jurisdictional agency. Developments with Homeowner's
Associations will locate their facilities in private drainage tracts or in public sites
dedicated by the developer, in accordance with the jurisdictional agency’s
requirements. The Homeowner’s Association will maintain the private facilities, and
the jurisdictional agency will usually maintain the public tracts. Common storage
facilities for single family developments without a Homeowner's Association and
with public streets will have maintenance provisions determined by the jurisdictional
agency. The number and location of storage facilities within a development are to
be approved by the jurisdictional agency. Dedication to the public may require the
inclusion of recreational facilities or other features deemed necessary by the
jurisdictional agency.

Single lot, non-residential developments that are not served by a public storage
facility will provide the required storage on the lot itself and outside the
right-of-way area.

Regional Detention/Retention Facilities: Regional detention/retention facilities are
large storage facilities located at strategic sites within a drainage basin to provide control
of runoff. The advantages of this type of facility are:

«  The siting and design of regional storage facilities are normally incorporated as
part of an overall drainage master plan. Thus, alternative siting combinations
and their respective hydraulic routing effects can be investigated. Storage
alternatives can be evaluated with other factors (i.e., conveyance system, land
and maintenance costs), to arrive at an optimal solution for the drainage basin.
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8.3

¢ Operation and maintenance costs are reduced. Maintenance of regional facilities
is typically the responsibility of a jurisdictional agency. The reduced cost of
operation and maintenance can often offset the increased cost of tributary storm
sewers which must be sized to carry higher peak rates of flow,

*  Regional facilitics are more effective and reliable because they are planned,
designed and maintained as part of a total drainage system. On-site facilities can
be less reliable and less effective because they are constructed randomly as a

« «<basin:develops-and-because maintenance efforts can vary: The result-<of on-site -~

facilities 1s a higher percentage of malfunctions.

Advance planning is the key element in the regional approach to stormwater
detention/retention. The jurisdictional agencies within Maricopa County have agreed
that basin-wide master drainage planning is necessary for the development of
cost-effective systems for stormwater management. Planning for regional
detention/retention facilities for a drainage basin typically includes:

1.  Development of an optimum drainage master plan for the basin in order to
achieve an efficient and cost-effective drainage systems, and-to ensure that

multiple use opportunities are preserved.

2. Mulu-jurisdictional cooperation, because natural drainage basins do not
necessarily follow jurisdictional boundaries.

3. Participation by property owners, developers, engineers and the general public.
4. A plan for implementation that incorporates construction phasing of facilities.

5. Establishing a framework for fair and equitable financing of capital and
maintenance costs.

Design Criteria

This section presents certain guidelines, procedures and criteria to be used in the
analysis and design of detention and retention facilities. Because specific policies and
criteria vary, the designer must contact the jurisdictional agency for the area in which
the basin will be located before beginning design.

8.3.1 Criteria for Detention/Retention Facilities
The following general criteria apply to the design of stormwater detention/retention
facilities.
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8.3.1.1 Design Frequency:

All detention/retention facilities incorporated within new developments will be

designed to retain the peak tlow and volume of runoff from the 100-year, 2-hour
duration storm event. In the special case of when a detention only facility is allowed,
the requirement to retain the 100-year 2-hour runoff volume may be waived.
However, the peak discharge requirement must still be met, and the etfects of using
)|, detention only facility on more frequent events must be delermined.

In jurisdictions where multi-frequency control is required, the design will be prepared
to regulate the peak discharge rates for one or more storm events in addition to the
100-year storm. Specific multi-frequency events shall be verified with the appropriate
jurisdiction.

8.3.1.2 Hydrology: Procedures and criteria for development of inflow hydrographs for
detention/retention facilities are described in the Drainage Design Manual for Maricopa
County, Volume I, Hydrology. Some jurisdictional agencies have developed simplified
equations for determining the volume required for retention. The engineer should verify
the methodology for calculation of the required storage volume with the appropriate
jurisdiction.

Volume Calculations: Volume calculation should be done by applying the following
equation:

P
V=04 8.1
12 3.1
In the case of volume calculations for detention/retention design, P equals the 100-year,

2-hour depth in inches, from Figure 8.1. The amount of rainfall for other frequencies and
durations can be determined by using Section 2.2 of Volume I, Hydrology.

Off-site flows may not be routed through a retention facility unless specifically
approved by the appropriate jurisdictional agency.

For a typical stormwater detention facility, there are three variables to be considered in
flood routing through the structure:

1. Inflow to the facility, which varies as a function of time;
2. Outflow from the facility, which varies as a function of time; and

3. Storage, which is the result of the difference between the inflow and outflow for
a period of time or time interval.
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INFLOW HYDRCGRAPH

DISCHARGE

QUTFLOW HYDROGRAPH

TIME

Figure 8.2
Flood Routing (Inflow and Outflow Hydrograph)

Figure 8.2 illustrates the general relationship among the three variables that must be
considered for flood routing through a structure.

The outflow hydrograph from a proposed stormwater deteation facility shall be
determined using the “Storage Indication” or “Modified Puls” method of flood routing.
See Section 8.8 for a detailed description of this routing procedure. Other similar
hydrologic routing methods may also be used, provided that the chosen method is first
approved by the appropriate review agency. If a computer program for flood/reservoir
routing is intended to be used, documentation of the program shall be submitted to the
appropriate review agency prior to commencing design. Non-tributary flows may not
be routed through a detention facility unless specifically approved by the jurisdictional
agency.

Detention ponds 1n series (i.e., when the discharge of one facility becomes the inflow
of another) are complex and require special consideration and design by a hyvdraulic
engineer. If such a system 1s unavoidable, the engineer must submit a hydrologic
analysis which demonstrates the system's adequacy. This analysis must incorporate the
construction of hydrographs for all inflow and outflow components.

8.3.1.3 Sedimentation in Detention/Retention Basins: Depending on the watershed,
sediment deposition into detention/retention basins may be significant enough to reduce
storage volume. Therefore, it is important during the design process to estimate the
sediment yield from the watershed and add this volume to the storage volume. This can
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be accomplished by various empirical methods listed in the references below and/or by
using the HEC-6 sediment routing computer model.

a) PSIAC (Pacific Southwest InterAgency Committee) Method. This procedure,
developed for planning level analysis in the Southwestern United States, uses
generalized watershed characteristics to estimate watershed soil loss rates. This
method is explained in Appendix A of the Arizona Department of Water
Resources. DESIGN MANUAL FOR ENGINEERING ANALYSIS OF FLUVIAL

< w-SYSTEMS; 1985, Theroriginalsource s the Staterof CalifornialDepartment of -~

Conservation, EROSION AND SEDIMENT CONTROL HANDBOOK, 1978.

b) MUSLE (Modified Universal Soil Loss Equation) Method is an empirically
derived method using the major parameters of the Universal Soil Loss Equation
10 estimate sediment yield on a per storm basis. This method was developed by
Williams (1975) and can also be found in Appendix B of Arizona Department
of Water Resources, DESIGN MANUAL FOR ENGINEERING ANALYSIS OF
FLUVIAL SYSTEM, 1985.

¢} US. BUREAU OF RECLAMATION Method provides empirical relationships
between sediment yicld and other watershed parameters such as drainage area,
discharge and reservoir depth. These methods are described in Appendix A of
U.S. Department of Interior, Bureau of Reclamation, DESIGN OF SMALL
DAMS, 1987.

d} NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
SYNTHESES No. 70 Method provides a sediment yield relationship involving
parameters such as watershed slope, soil erodibility (related to SCS Curve
Number for soil groups), drainage area and erosion control factor. This research
was sponsored by AASHTO and can be found in Transportation Research
Board, Synthesis No. 70, DESIGN OF SEDIMENTATION BASINS, June 1980

These methods or any other approved methods can be used to estimate sediment
deposition in the detention basin. A HEC-6 sediment transport model may be used 1f
enough information exists for this to be accomplished. This is an elaborate method that
routes sediment through the channel into the basin and may only be necessary for large
projects. To obtain the required sediment storage volume the annual sediment
deposition, in acre feet per year, must be determined and multiplied by the expected
number of years between sediment removal. It may also be necessary to install sediment
gauges throughout the basin for monitoring rate of sediment deposition.

If sediment yield has been determined to be excessive or there is a great potential for
debris deposition (such as in the case of alluvial fans), then a sediment basin would be
required upstream of the detention/retention basin.

8.3.1.4 Siting and Geometry: With respect to siting, detention/retention facilities which
utilize a method of subsurface disposal shall be located such that the infiltration surface
will be a specific distance, both horizontal and vertical, from any functioning water well.

8-8
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The appropriate jurnsdictional agency should be contacted regarding regulations
governing the siting of such facilities near wells or near the static groundwater table.

Basic requirements regarding facility shape, side slopes, depth and bottom configuration
are provided below. Additional details are presented in Sections 8.4, 8.5, and 8.6 in
conjunction with guidelines regarding safety, nperation and maintenance, acsthetics, and
multiple use considerations.

+ o Shupe: As. a general rule, eurvilinearsirregularly shaped.facilities.will havedhe mest. ..
natural character. A wide range of shapes can be considered and utilized to integrate the
detention tacility with the surtounding site development. Smooth curves should be used
in the plan layout of the grading for the facility.

Side Slopes: Where grass is intended to be established, side slopes shall not be
steeper than 4 horizontal to 1 vertical. Where other protection measures are intended,
such as shrub planting, rock riprap or other structural measures, slopes shall not
exceed 3 horizontal to 1 vertical unless approved by the appropriate jurisdictional
agency. Where slopes abut the street right-of-way, the minimum slope shall be 4
horizontal to 1 vertical regardless of surface treatment. Some jurisdictions may
require a flatter slope. The designer should verify the slope requirement prior to X
commencing design.

Transitions from slopes to level ground at the top and bottom of a facility shall be
smooth curves. In all cases, slopes must be designed to allow for safe operation of
maintenance equipment. Refer to Section 8.5.1 for provision of maintenance access.
Side slope design should be done with the visual character of the completed facility in
mind. A more natural appearance can be achieved by varying side slopes within a
detention area.

Depth and Bottom Configuration: Maximum ponding depth and freeboard
requirements vary within Maricopa County and specific criteria for such must be
verified by the designer with the appropriate jurisdictional agency. With respect to
grading, deep facilities should be avoided, if possible. For facilities with a depth in
excess of three feet, consideration should be given to the use of flatter side slopes
or the provision of intermediate benches along side slopes. The bottom shall be
designed to drain to a low flow channel for a detention facility.

8.3.1.5 Drain Time:

r

The design of all detention/retention facilities shall be such that the stored runoff is
completely discharged from the facility within 36 hours after the runoff event has
ended.
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8.3.1.6 Lining/Surface Treatment: [n keeping with the goal of detention/retention
facilities as amenities that incorporate multiple use concepts where possible, grass
and/or landscape plantings are preferred surface treatments. As a general rule, grass and
plant species used for landscape development and revegetation should be native to
Maricopa County. A registered landscape architect should prepare the landscape design
with consideration toward use of plant species appropriate for the level and frequency
of inundation of the facility. Permanent irrigation systems are required for grass areas
and most types of basin revegetation and landscaping. However, use of native and

« drought4olerant specicsiinclnding seeding) may -only - requirea:temporarysystem 40w v v « -+ -

obtain effective germination and establishment. Whether permanent or temporary, that
portion of the irrigation system witlin the flood zone must be designed to tolerate
inundation and silt accumulations.

The use of inert materials is appropriate for stabilization and erosion control where steep
slopes are unavoidable, along channels, at inflow points, at the outlet control structure
and any other location where flowing water may threaten stability. Use of these
materials should be properly engineered and should respond to aesthetic considerations.
Inert materials for erosion control include:

<« Loose rock riprap with a specific, engineered gradation

«  Loose or grouted boulders (minimum dimension 18 inches and larger)
«  River stone

e (Gabions

¢ Soil cement and concrete

Designs that combine landscape planting with the use of inert materials are
recommended. Voids can be designed within the inert material to allow installation of
plants. The result is a durable and attractive method of protection.

8.3.1.7 Low Flow Channels: A low flow channel is required in the bottom of a
detention facility to provide positive routing of drainage to the primary outlet structure.
An example of a rectangular concrete low flow channel is provided in Figure 8.3, The
engineer will provide design of the reinforcement of the channel. The channel shall have
a 0.5 percent maximum longitudinal slope. Alternative low flow channel designs may
be considered at the discretion of the individual jurisdictional agency, however, use of
loose rock or other movable materials can only be made after careful consideration.

8.3.1.8 Detention/Retention Facility Inlet and Outlet Structures: Conveyance of
runoff into a retention facility often involves directing the inflow down a slope into the
storage area. The design of an inlet structure shall be such that inflow is directed into the
facility in a non-erosive manner and without adverse impacts to the retention facility or
to upstream areas. The designer is referred to analysis methods presented in Chapter 6
for the design of inlet structures.

Retention facilities shall be drained by either a positive gravity outlet, a pump station,
or by subsurface disposal measures.

8-10
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Outlet structures are an important component of stormwater detention facilities since
they control the rates of release [rom the facility, the water depth, and storage volume
in the facility. Outlet structures are classified as: 1} primary outlet structures that provide
the hydraulic control for the specific design event(s) required by the jurisdictional
agency; and 2) emergency spillways that provide safe routes, typically via surface
overflow, for storm events in excess of the design frequency or in the case of debris
blockage or malfunction of the primary outlet structure.

~Primary-Qutlet Structures: Within-Maricopa Ceunty;:jurisdictional ‘agencies ‘may -

require attenuation of a single frequency storm or a number of frequencies. Refer to the
specific requirements of the jurisdiction where the design is being prepared; however,
two-stage and multi-stage control structures are becoming more widely vused. Figure 8.4
presents examples of single frequency and multi-frequency outlet control structures.

The minimum allowable pipe size for primary outlet structures is 12-inches in |
diameter.

If the flow capacity of an outlet pipe must be further reduced, an orifice plate may be
attached, as shown on Figure 8.5(a). The orifice plate must be constructed of heavy,
galvanized steel and attached by tamper-proof bolts. Other outlet configurations may be
allowed provided they meet the requirements of the permitted release rates at the
required volume and include proper provisions for maintenance and reliability.

Primary outlet structures, particularly those controlling multiple storm events, are often
special design structures unique to specific site applications. Consideration must be
given to structural adequacy and flotation under hydrostatic loads.

Trash Raeks: Trash racks shall be provided for pipe and crifice outlets.

The trash rack assembly shall be hinged or removable to allow access to the outlet
construction. The mesh or bar screen shall be fabricated of steel designed to withstand
the hydrostatic load resulting from the 100-year design ponding with screen openings
blocked. The rack assembly shall be galvanized steel or steel with a protective coating
suitable for exposure to sunlight, as well as submerged conditions. Figure 8.5(b)
provides guidelines for determining the open area requirements for trash racks. An
anti-vortex device should be included with the trash rack design if vortices are
anticipated which could affect hydraulic efficiency and cause erosion of adjacent earth
slopes.

Energy Dissipation at Outlet: Adequate energy dissipation measures shall be provided
at the downstream end of primary outlet structures. Such measures shall be designed to
control local scour at the pipe outlet and to reduce velocities to pre-development
conditions prior to exiting onto the downstream property.

8-12
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Figure 8.5
Detention Facility Qutlet Detail
(Adapted from: WRC Engineering, 1987)
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Emergency Spillways: Emergency spillways are normally surface overflow weirs,
channels, or combinations thereof, provided for the safe overflow and routing of
lloodwaters under unusval circumstances. Such situations include the blockage or
malfunction of the primary outlet structure or the occurrence of a storin event iarger than
that for which the facility was designed. Consideration must be given to the layout and
configuration of the emergency spillway so that excess flow is routed in the same
manner and direction as would have occurred under pre-development or historic
conditions. Emergency spillways must be designed to convey the unattenuated 100-year

« = peakedischargeat mon-erosive: veloeities. -For criteria-regarding-design of-emergency - = -

spillways for embankments, refer to Section 8.3.3.4.

8.3.1.9 Subsurface Disposal: The primary methods of underground disposal of
stormwater runoff at retention facilities are engineered basin floors and dry wells.
Infiltration rates of basin floors or dry wells shall not be used in determining outflow
rates in flood-routing procedures.

Engineered Basin Floors: Analysis and design of the bottom of a retention facility
intended for subsurface disposal is detailed in Underground Disposal of Stormwater
Runoff Design Guidelines Manual (USDOT, FHW A, 1980); refer to this publication for
specific design criteria,

Dry Wells: Dry wells may be used for subsurface disposal of stormwater, if approved
by the jurisdictional agency, and if criteria such as subsurface strata permeability,
groundwater levels and maintenance can be satisfactorily addressed. The main cause of
dry well failure is clogging of the transmission media (gravel) by silt and debris. Failure
can be hastened by poor maintenance. Figure 8.6 shows a typical dry well installation,
while Figure 8.7 shows examples of surface treatments.

—

All dry wells must be registered with the Arizona Department of Environmental
Quality.

The following list of general requirements and criteria shall be used in the design and
construction of dry wells (or other methods of subsurface disposal of stormwater). In
addition, the engineer is referred to specific dry well policies of the applicable
jurisdictional agency within Maricopa County.

« The feasibility of subsurface disposal of stormwater at a site must be
documented by field investigations and a report by a registered civil engineer.
Field investigations shall include percolation tests to obtain permeability rates
for use in the design of the retention facility. The accepted design disposal rate
for a dry well is not to exceed 0.1 cfs per well unless a greater rate can be
supported by a detailed, certified soils report. Should the soils report indicate a
higher rate, a conservative value of 50 percent of the higher rate (not to exceed
0.5 cfs per well) shall be used to compensate for deterioration over time. The
infiltration surface ot the subsurface disposal facility must be located a specified
minimum distance from the static groundwater table. both horizontally and
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vertically, depending on the type of development proposed. The appropriate
jurisdictional agency should be contacted for specific criteria regarding this item.

The design of a dry well must include provisions for trapping sediment within
a settling chamber. This measure will significantly increase both the efficiency
and useful life of the well. Once a year, at a minimum, the settling chamber
should be inspected, and it should also be inspected after any major inflow to the
dry well. Sediment shall be removed from the chamber at such a time that

- # approximately-one-half ofits capacity-is-filled.~This level-of sedimentbuildup. ... .-

shall be clearly marked on the inside of the settling chamber. All sediment
removed from a settling chamber shall be disposed of either at an anthorized
sanitary landfill or at any other suitable location approved by the governing
jurisdiction.

A test well shall be installed for any retention facility utilizing dry wells for
stormwater disposal. Upon approval of performance, this test well may then be
used as one of the functioning dry wells within the retention facility. For
purposes of design, the “initial” well-injection rates (determined from the test
well) shall be multiplied by the factor 0.5 in order toestablish “aged”
well-injection rates to be used for purposes of determining the required number
of dry wells ultimately needed within the facility.

Infiltration rates of dry wells shall not be used in determining outflow rates in
flood-routing procedures. Any retention facility which relies solely upon
infiltration as its method of drainage shall be sized to contain the maximum
storage volume that would be required without considering an outflow rate.

Disposal methods using infiltration shall not be permitted for stormwater runoff
which carries significant concentrations of sediment. This includes stormwater
runoff fiowing through sand bed channels, as well as stormwater runotf
emanating from a predominantly natural watershed.

During site development, all dry wells shall be securely covered with filter cloth
or other material to prevent the introduction of excessive sediment into the
settling chamber.

Retention of runoff emanating from industrial developments and infiltration of
runoff to the subsurface will be handled on a case-by-case basis by the
appropriate reviewing agency.

Runoff stored in a retention facility shall be completely drained from the facility
within a maximum time period of 36 hours after the runoff event has ended. Dry
wells that cease to drain a facility within the 36-hour period shall be replaced by
the owner with new ones, unless an alternate method of drainage is available.

8-16
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Figure 8.6
Typical Dry Well Installation
{(McGuckin DPrlling Inc.. 1987)
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A Add a concrete pad for heavy traffic areas.
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Figure 8.7

Typical Dry Well Surface Treatments
(McGuekin Prilling Inc., 1987)
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8.3.1.10 Permaneri Poois: Certain jurisdictions within Maricopa County permit the
design of a detention facility that incorporates a permanent pool for aesthetic purposes.
The engineer should contact the appropriate jurisdiction for specific criteria and
regulations regarding such facilities. General considerations for facilities incorporating
permanent pools are listed below:

»  Flood storage volume shall be maintained above the level of the permanent pool.
Provision for draining the full depth of the pond shall be included at the outlet
S.ll‘uCture‘ B L s g e e ey e S AT RO s

»  Maintenance of a minimum water level should be ensured by the inflow from
the watershed and/or by augmentation from other sources during prolonged dry
periods and by the capability of the bottom of the facility to retain water.
Seepage and evaporation losses should also be considered.

o Maintain water quality and minimize algae growth by designing for sufficient
minimum depth and incorporating use of recirculation and aeration measures.

«  Consider public safety as primary in the design of all features related to the
permanent pool.

«  Geometric characteristics of the pond include:

- Choose bottom lining material suitable for retention of water and with
consideration toward maintenance (i.e., ease of sediment removal, etc.).
Provisions for completely draining the pond should be made.

- Create aesthetic yet maintainable edges. Edge design also should
consider the effect of drawdown of the water surface. That is, a drop in
water surface elevation should not create a wide expanse of unsightly
shoreline. Similarly, the area surrounding the permanent pool should be
designed for periodic inundation, The area should drain completely and
return to a stable surfacc tollowing a flood event.

- Provision of stable side slopes above and below the permanent water
surface.

— The pond edge shall be designed to nunimize safety hazards. Water
depth should be limited to 1.5 to 2 feet within 8 feet of the shoreline.

- Resolve permanent pool water depth issues versus safety needs; a 3-foot
depth at shoreline required to limit pond edge vegetation growth exceeds
the recommended pond edge depth (1.5 to 2.0 feet). Therefore, other
safety measures must be considered (see Section 8.4).
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»  The design should consider measures to minimize sediment inflow (o the pond.
Once sediment has entered the permanent pond, then removal can be expensive
and may require draining the pond. Erosion should ideally be controlled at the
source or by mitigation measures along the incoming channel, However, if such
measures are not feasible, a sediment trap should be designed at the pond inflow
Iocation 1o intercept the majority of the incoming sediment and to facilitate
removal (see Section 8.7.4).

such as an earth embankment, then the design guidelines for the embankments
shall be followed. with particular emphasis on seepage control and embankment
stability (see Section 8.3.3),

«  Potential impacts downstream shall be considered. The designer should be aware
that an impoundment may improve, worSen or maintain existing downstream
flow characteristics, and that any changes, even apparent improvements, may be
viewed as infringements of downstream riparian rights.

+  Since a permanent pool 18 most often desired for creation: of a focal-amenity for
a development, it is appropriate that a registered landscape architect work in
conjunction with the engineer to achieve an aesthetic design with consideration
of costs of construction and maintenance.

8.3.2 Criteria for Special Detention/Retention Methods

Special methods for stormwater detention/retention include underground storage,
conveyance storage, roadway embankment storage, and storage in parking lots,
pedestrian plazas, courtyards and common areas.

The use of rooftops as storage areas for runoff is not permitted in Maricopa County.

Application of the special measures discussed below is regulated according to specific
jurisdictions within Maricopa County. Contact the local jurisdiction before beginning
to design using any of these methods.

Since the following methods often result in facilities near buildings, it should be
emphasized that the finished floor elevation of a structure shall be a minimum of one
foot above the 100-year water surface of the detention/retention facility. The finish
floor elevation needs also to be above the emergency outfall of the basin.

8.3.2.1 Underground Storage: This type of storage involves the construction of
underground tanks, pipes, or vaults which accept stormwater runoff by means of inlets
and storm drain pipes. Due to the high cost of this type of installation, it is generally
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lmited to high-density developments, where surface storage is not feasible due either
io the scarcity or high cost of land—or both.

Underground storage fecilities rust be provided with some method of drainage (i.e.
gravity drains, painps, or infiltration). In all cases, manholes {or some other means of

access to the uniderground storage facilities) suist be provided for maintenance purposes.

8.3.2.2 Conveyance Storage: During the period that channels and floodplains are fiiling

wengitheranoff; the stormwatersis ‘beingstored-in«transient form,-This type of storage-is

known as conveyance storage, Construction of slow velocity channels with large cross
sectional areas assists in the accomplishment of such storage. Conveyance storage
systems are usually feasible only on large projects, and require detailed dynamic
modeling for analysis.

8.3.2.3 Roadway Embankment Storage: When feasible, uss of roadway {ill slopes as
an embankment for a detention basin provides an econcinical means of stormwater
storage. Special considerations must be given both to the stability of the embankment
and to the protection of the embankment from erosion. Additionally, State of Arizona

dam safety requirements may need to be addressed if the embankment height and/or the -

polential storage volume exceeds certain limits (see Section 8.3.3.1).

8.3.2.4 Parking Lot Storage: Using parking lots for detention/retention s a special case
of surface storage. It is an economical option for meeting detention/retention
requirements in high density commercial and industrial developments. Planning of areas
within a parking lot which will accept ponding should be such that pedestrians are
inconvenienced as little as possible.

Refer to local jurisdictional standards on the percentage of the parking lot to be used
as retention area and the allowable ponded depth. The maximum depth of ponded
water within any parking lot location shall be one foot (1 ft). Deeper ponding should
be confined to remote areas of parking lots. whenever possible.

Drainage of parking lots can be accomplished by means of dry wells (if permitted), curb
openings, weirs, storm drains, orifices in walls, or gated outlets.

The minimum longitudinal slope permitted within parking lot storage facilities is
0.005 ft/ft, unless concrete valley gutters are provided. With concrete valley gutters,
a minimum longitudinal slope of 0.002 {t/ft may be permitted.

8.3.2.5 Storage in Plazas, Courtyards and Common Areas: L.andscaped common
areas, pedestrian plazas and courtyards, which are typically provided in conjunction with
high density residential, commercial and office developments, provide opportunities for
multiple use as stormwater detention/retention facilities. Such facilities should be
designed to minimize public inconvenience, especially during frequent storm events.
Public safety issues are also very important with this type of facility (see Section 8.4).
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8.3.3

“yolume “located entirely “belovw-the nataral -ground- surface -adjacent -to the- basin;

Positive drainage (o tne outlet structeres and trash/debris control must be provided to
assure that the facility drains completely and efficiently.

Embankment Design Criteria
Whenever possible, detention/retention facilities should be constructed with the storage

However, in some instances this may not be possible, and embankments may be
necessary to provide the required storage volume. Since the use of embankments may
create a potential downstream flood hazard due to failure of the embankment, the
following design considerations must be addressed in conjunction with their use. For
additional information and guidelines for the design of embankments for
detention/retention facilities, refer to Design of Small Dams (USBR, 1987).

8.3.3.1 State Dam Safety Requirements: The Arizona Department of Water Resources
(ADWR), Division of Safety of Dams, has legal jurisdiction over all dams
(embankments) which exceed certain height and storage limits. ADWR defines a
jurisdictional dam as “either 25 feet or more in height or stores more than 50 acre-feet.
If it is less than six feet in height regardless of storage capacity or does not store more
than 15 acre-feet regardless of height. it is not in jurisdiction.”

Figure 8.8 illustrates the difference between a jurisdictional and a non-jurisdictional
dam. ADWR should be contacted regarding specific dam-safety requirements in
conjunction with the design of any embankment which might come under their
jurisdiction. Those which do fall within the jurisdiction of ADWR shall comply with
their applicable design requirements.

8.3.3.2 Non-jurisdictional Dam Design: Embankments for detention/retention facilities
in Maricopa County that are “non-jurisdictional” according to the state criteria will
generally be classified by the state as small dams with an associated hazard potential.
The hazard potential classification is related to the conditions downstream of the dam.
In the urban environment of Maricopa County, the potential for probable loss of life and
excessive damage to development downstream (existing or future) is great. Therefore,
all dams for detention/retention facilities will be considered as having high hazard
potential.

The design reports, calculations, plans and specifications for construction of an
embankment for a detention or relention facility shall be prepared by, or under the
direction of, a professional engineer registered under the laws of Arizona, and having
proficiency in civil engineering as related to dam technology. The engineer should check
with the appropriate jurisdiction for specific submittal requirements for embankment
dam designs. Figure 8.9 shows a typical section of an embankment dam with common
components applicable to a typical detention or retention facility.

§-22

January 28, 1996



Detention/EBatention

o - / V4 S e
. v vd . . // / / / p /
% / e P e / <
S /
rd

| /// JURISTICTIONAL 878 77
K . Ve

//’ // // //// P // /// // /

S // g

/

e

s
,

e v :: Ay /

<ad . ; '/
@ : e ,./ e
3 NONJURISDIC TIONA S
L, Nt NGt LI J!_/: / RN / e

- : v /
1 f —\\‘—]!: / / /
|

[
£

[y
R

L

s

A
o
&

A L PUISOICTIONA. DeM s efther 25 o more feet In hieight or has capaclty to store more then 59 acre-feat,

Fa cam is iess ihan eix et in height, regardless of storage cagacity, It is not jurisdictional.

¥ o darm has 15 eoe-fest o less of slorage capacity. regarciess of height, it is not jurlsdictional.

HEIGHT i3 the verilcal distencs from the iowest painf o0 the downsteam tos [a* natural ground) to tha spliiway orest.

CARACITY Is the maxmum storage that can be Impeundsd wren there Is no discharge of waler.

Figure 8.8
State of Arizona jurisdictional Dam Definition
{Adapted frony State of Arizona Departracnt of Water Resources, Safety of Dams Section)
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Figure 8.9
Typical Section of a Detention/Retention Facility Embankment Dam
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8.3.3.3 Geotechnical Engineering Studies: A geotechnical engineering study shall be
conducted prior to the design of any dam. The study shall provide information on the
dam site conditions such as the damn foundation and abutments (valley floor and sides),
and shail provide evaluation of soil materials proposed for construction of the dam.
Samples obtained from borings and exploratory pits can be tested under laboratory
conditions to evaluate more precisely the soil and rock classification properties, strength,
permeability, compatibility and other specialized tests pertinent to the specific project

= gondittons.*Analyses-shall-‘ber condueted to evaluate conditions such as-embankment: -

slope, foundaticn stability, embankment and foundation seepage. internal and external
¢rosion potential and embankinent settlement. The results of these analyses are used to
develop criteria for economic and safe design and construction of embankment dams.
These criteria include the types and zones of embankment fill materials based on using
available borrow materials, upstream and downstream embankment slopes, and
recommended measures for control of seepage.

3.3.3.4 Emergency Spillway: All embankment dams for detention/retention facilities
shall incorporate an emergency overflow spillway for the safe overflow and routing of
tloodwaters under unusual circumstances. Such conditions include the blockage or
malfunction of the primary outlet structure or the occurrence of a storm event larger than
that for which the facility was designed. Floodwaters that might otherwise overtop the
embankment shall exit the facility via the emergency spillway and flow downstream in
the same manner and direction as would have occurred under pre-development or
historic conditions.

The design of emergency spillways shall incorporate adequate erosion control and
energy dissipating measures to insure the stability of the embankment. Due to the high
hazard potential of embankment facilities in Maricopa County, the minimum design
standard for emergency spillways shall be as indicated in Table 8,1. Total freeboard and
residval freeboard dimensions shall conform to the applicable ADWR design
requirements.

Table 8.1
Emergency Spillway Design Capacity Requirements for an
Embankment Dam that is not Regulated by ADWR

Pam Height Spillway Design Capacity
Hz oIt Unattended 100-year inflow
61t <H <251t 2 Probable Maximum Flood
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8.3.3.5 Primary QOutlet Structure; The primary outlet sfructure is the main outlet
structure by which stormwater is discharged from a detention/retention facility. It is
typically a closed conduit structure with an inlet specifically designed to control a single
frequency storm or multiple events depending on the requirements of the specific
jurisdiction. Examples of typical primary outlet structures and discussions of related
components such as trash racks and energy dissipation structures are presented in
Section 8.3.1.8 (Figures 8.4 and 8.5). Special consideration must be given to seepage

~-conirel along-outlet-conduits- within ‘an embankment-dam;-asdiscussed below: - -

8.3.3.6 Seepage: There are basically two categories of seepage considerations in
embankment dam design. The primary concern is that seepage does not adversely affect
the integrity or stability of the dam. The other category, water storage loss, is something
the owner is usually most concerned about. This category relates to design of additional
seepage control measures as required to maintain a permanent pool for reuse (water
harvesting), or aesthetic or recreational purposes. Analyses shall be conducted in the
following areas at a minimunm, to address control of seepage for the primary function of
detention or retention of stormwater.

Foundation: The flow of water through a pervious foundation produces seepage forces
as a result of the friction between the percolating water and the soil medium. As the
water percolates upward at the toe of the embankment, the seepage forces lift the soil
by reducing its effective weight. In certain cases, this “piping” of the foundation soil can
result in the failure of an embankment. A very common approach used is to excavate a
cutoff trench into the foundation strata, typically into an impervious layer. The trench
is then carefully backfilled with relatively impervious material.

Embankment: Seepage through an embankment will occur, even with the tightest
materials. On the upstream side of the dam, the embankment soils will reflect a water
level equal to the impounded water level. As the water seeps through the dam, its
pressure reduces and the water level drops. Design of the embankment should be such
that seepage at the downstream toe occurs with no residual pressure. If the seepage were
excessive, or were to emerge at an unplanned higher location, then erosion could begin
al the discharge point and rapidly remove materials from within the embankment. Toe
drains are typically designed to intercept the planned seepage flow, preventing nuisance
conditions and enhancing slope stability.

Slope Stability: Combined with seepage analysis, slope stability analysis is critical. The
forces pushing a mass of soil are analyzed with respect to the force resisting that
movement. A related problem is slope stability during conditions of rapid change. A
common concern is during a rapid drawdown, such as when operational problems with
outiet works or seepage occur. With such operational problems, pressures in the soil
may cause the slopes to fail during drawdown.
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Ffiing along Boundary {onditions: Wherever there are boundary conditions, such as
aicnug an oatlet conduit, ¢pillway wall, cutoff trench or more subtle situations (such as
lavers of £ill that have been rolled to a smooth hard surface), there is the potential of
creating a mote direct route for piping. The water flows at a higher erosive rate because
it has 4 shorter, more efficient route. The technique that is often used along conduits and
walls 1s to construct cutoff collars which extend laterally at intervals into the trench or
zmbankment. When a mucli longer flow path is created, piping 15 minimized.

Safety

Public access and safety are inherent elements in the design of a detention or retention
facility. These elements are of primary importance, particuiarly in the case of
multiple-use facilities where public use is encouraged in areas subject to potential
flooding.

-~ Safety at detention/retention facilities is addressed in two ways. The first relates to the

- need to identify and communicate potential hazards to the public. For example, with
_proper signage, users can be made aware of the existence of potential hazards, such as
flooding. high velocity flows, eic.

The seccnd relates to the design and maintenance of the facility. Appropriate steps must
be taken to mitigate potentially dangerous conditions. Where the dangerous condition
cannol be prevented, appropriate measures must be implemented to keep users away

- from hazardous locations. If these safety concerns are appropriately addressed, there is
no reason why public use of detention/retention basins should not be allowed and

encouraged.

8.4.1 Identification of Potential Flood Hazard

Signs will be the principal means by which users of the facility are advised of potential
flood hazards.

Signs should be provided at all designated entryways of detention/retention
facilities. They should also be provided at intervals {approximately 100 feet) around
the perimeter of the facility to inform visitors who might gain access at other than
designated entrances.

In addition to entry and perimeter signs, signs should be installed within the {acility.
These signs should restate the potential flood hazard and should provide directions
for appropriaie routes out of the basin area should flooding occur.
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Signs shouvld indicate that rain in the immediate area is not a prerequisite for high water
levels. They should indicate that storms elsewhere in the watershed can result in
flooding, and in some cases, a wail of water may enter the facility. An interpretive
display sign illustrating this phenomcna may be appropriate at each major entrance.

To be effective in communicating the potential flood hazard to the public, signs must
be in place when and where needed. Consideration must be given to durability and
vandal-resistance. Materials, fasteners, installation techniques, mountmg helghts etc.

~must-be:evaluated in‘the-designiofamportant-warning s1gns.

8.4.2

8.4.3

In some instances, warning devices other than signs may be appropriate and necessary.
An audible alarm or a system of flashing lights, with a remote sensor activated by
floodwater in an upstream channel, might be considered. This might be necessary in
locations where watershed and inlet characteristics could result in rapid filling of the
facility.

Where parking lots are designed such that floodwaters will inundate the area, signs
should be posted to alert users. Overnight or long-term parking should be prohibited.

Inlet Structures

Often higher flood flow is directed into a multiple-use facility by an overflow side
channei spillway or by a drop structure. A large volume of water entering the facility at
high velocity can literally wash away an individual who is on or near the inlet structure.
The design of an inlet that minimizes the velocity of incoming water will greatly
enhance safety and should be included in the criteria for inlet structure design. Railing
or fencing shall be designed at the top of all structural walls.

It 1s also important to design inlet structures so that they do not become attractive
nuisances. They should not be suitable for potentially dangerous activities such as
skateboarding and motor-cross biking. In this regard, a rough textured surface might be
more appropriate than a smooth, troweled-finish concrete surface. Features that preclude
inappropriate uses of inlet structures should be used.

As noted above, signs located around the inlet structure can inform the public of
potential hazards associated with the area. Informative and well-maintained signs will
be critically important in basin inlet areas.

Outlet Structures and Spillways

There are two elements of the safety 1ssue as related to outlet structures and spillways.
The first deals with the safety of the user during flood conditions. The second deals with
the uninterrupted operation of the outlet or drain required for the release of impounded
water.
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Lser safety must be ol primary concern with the destgn ot outlets or drains. They must
be aesigned 36 that it 18 not possible for a user 1o be washed into an vutlet pipeline and
trapped. This 1s particularly important when considering children nusing the outlet
structuras as a playground.

A properly designed trash rack can prevent clogging by debris as well as prevent a
person from being swept into the outlet structure and pipeline. In addition, where

~ hydraulic conditivns -at-the outletstructure «can lead to the formation of:awvortex; the.

design should include anti-vortex protection. It is important to note, however, that an
outlet structure is not a safe structure during flood conditions, whether it is a horizontal
pipe outlet or a riser type structure mounted to a horizontal pipeline. Powerful inlet
velocities can draw a person underwater at the outlet structure regardless of the
existence of a trash rack or grate. Signage 1s important to alert the public of this danger.

All site furnishings, such as benches, trash receptacles, and picnic tables must be
secured to prevent them [rom becoming waterborne-debris which could clog the outlet
structure,

Safety must also be considersd downstreamn of outlet structures, Release [lows, even
though they may be controlled, can present a hazard. Specific conditions downsiream
of an outlet must be evaluated in terms of safety. To protect the public, structural walls

~shall have fencing or railing along the top of an outlet structure.

344

Safety Within the Facility

The principal factors associated with safety inside a detention/retention facility are user
education, advance warning, potential water depth, slopes, routes out of flooded areas,
and time to drain,

User education 15 a fundamental element in safety design for a detention/retention
facility. Clear, concise signage with illustrative graphics can inform the public of the
primary flood control purpose of the facility and describe the various features and their
potential danger during a flood. Advance warning (alarms or lights triggered by
upstream water Jevels) should be considered for multiple-use facilities, particularly
where flash flooding and rapid basin inflow is possible.

Safety concerns increase with an increase in potential water depth. A facility with a
potential water depth of 2 to 3 feet (less than the head height of most users) is typically
less dangerous than a facility with a potential water depth of 5 to 6 feet, or more. For
reasons of safety, potential water depth in detention/retention facilities should be kept
to a munimuin. When possible, potential water depth of three feet or less is
recommended for small local detention/retention basins nnmediately next to residential
areas.
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8.5

In all tacilities, regardless of depth, slopes in flood-prone areas should be kept as
shallow as possible. This will allow users who find themselves caught in flooded areas
(or users who deliberately enter flooded areas) io walk out and up to non-flooded zones.
It is recommended that slopes in flood-prone arzas not exceed 6 horizontal : 1 vertical.

In addition to slopes, consideration sheuld be given to bottom conditions in flood-prone
areas. Soils that provide firm footing when saturated are safer than soils which do not.

- 4n severe-cases-of unsuitable soils, partial ortotal removal may-be necessary. .

In addition to gentle slopes, routes out of flood-prone areas must be provided. Barriers
that could trap a user in a flood-prone area must be avoided. Safe, well-signed exit
routes that are negotiable under wet conditions must be developed.

Operation and Maintenance

There are two major components to the maintenance of a detention/retention facility.
The first is to design a facility that is maintainable, and the second is the physical work
required to keep the facility operating as designed and constructed, Maintenance of a
detention/retention facility falls into two categories; scheduled and unscheduled.
Scheduled maintenance includes those activities such as mowing, pruning, and trash
removal. These activities can be predicted and can be performed on a regular basis.

Unscheduled maintenance will involve the repair of facilities after storms and flooding.
The frequency and scope of this type of maintenance cannot be predicted. Some
examples of unscheduled maintenance are:

1. Embankment repair to keep erosion or rock riprap or earth fill sloughing from
weakening the dam structure.

2

Debris removal during and following storms.
3. Inlet and outlet channel repairs to halt erosion and maintain hydraulic capacity.

4. Inlet and outlet structure repair to insure that the facility will function as
intended.

1t is important that adequate funding be provided for unscheduled maintenance such that
repairs can be made immediately after flood or inundation damage occurs.

The following sections outline design considerations and recommendations which
facilitate maintenance of detention/retention facilities.

B-30

January 28, 1996



Detention/Retention

2EL Access

Access roads for service and maintenance vehicles should be maintained to allow for
cguipiment access to the facility, whenever needed. Access control gates should be
arovided it restricted access is reguired.

Design recommendations:
»  Accessramps into thefacility shall'be‘graded at*10 percent 'or less. Turning radii
shall be 30 feet or greater. Access ramps shall be designed for vehicle wheei

capacities not Jess than [2,000 ibs.

=  Service drives and gates shall be located in readily accessible, but
inconspicuous, locations so as to not encourage unauthorized use.

& Design access confrel gates and adjacent areas shall be as seciire as

economically feasible. Imtial expenditures for access control can save significant
costs in future repairs.

3.5.Z Sediment Removal

Sedument will inevitably be deposited in the detention/retention facility. Conditions wiil
" he worst during years when construction activity in the watershed 1s greatest.

Diesign recommendations:

«  Provide stilling basins or fore-basin collection puints where most sediment wiil
be deposited (see Section 8.7.4).

«  Provide controlled vehicular access into the facility for trucks and front-end
loaders.

5.5.3 Repair of Eroded Slopes

irnmmediate repair of eroded slopes can minimize the ultimate cost for this activity, Small
areas can be repaired by hand with on-site materials. Large eroded areas are much more
difficult and expensive (o correct because they may require larger equipment and
placement of imported material.

Design recommendations:

= Keep side slopes to minimum percentages to reduce likelihood of erosion.

= Provide vegetative or inert material cover on all slopes to minimize eroston.
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¢« Adequately protect slopes subject to moving water or foot tratfic. Make detailed
evalvuation of anticipated conditions and design protection accordingly. Use
collector ditches for on-site drainage at the top of slopes. -

§.5.4 Weed Contro!

"Weed growth can adversely affect the use, appearance; and*hydraulic characteristics of
a basin. Therefore, weed growth shall be controlled.

Extensive use of herbicides in basins where the primary or secondary purpose is
groundwater recharge 1s not acceptable.

Design recommendations:
e  Plant or seed all non-paved areas in and around the basin to establish a
vegetation cover. Weed infestation is much less likely in areas which have a

cover of desirable plants than on disturbed or untreated areas.

»  Design basins to allow all areas, including slopes, to be accessible by equipment
such as flail mowers which can cut or remove weed growth.

8.5.5 aintenance of Low Flow Channels and Drainage Structures

In-basin drainage structures and facilities must be maintained to insure their proper
operation. Design can influence maintenance requirements.

Design recommendations:

«  Provide access to channels for front-end loaders and hauling equipment. Provide
accessible areas, free of trees, to accommodate equipment movement.

*  Provide energy dissipators to prevent damage to the channel or drainage
structures during high inflow conditions.

e Design structures so that they will not collect debris which could impact proper
operation.

8.5.6 Landscape Maintenance

Some degree of plant and landscape maintenance will be required even when native,
drought-tolerant species are planted.
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Desion recommendoiions:

» Select species with growili habits that minimize pruning and wimming or other
mainienance requiremaents.

¢ Specify and use the largest plants within budgetary constraints. This can
minimize potential damage during injtial growth seasons.

»  Space trees or plant masses for maintenance and equipment access.

8.5.7 Irrigation Svstem Maintenance

Maintenance constderations of irrigation systerns are critical, particularly when a
perimanent irrigation system (s installed.

Design recommendations:

»  Specify and use equipment that will continue to operate when “contaminated”™
with sand or other soil deposition. For example, iarge sprinkler head orifices,
verses drip emitters, are less likely to clog when lake or well water 15 used for
irrigation.

. Zone and layout system to avoid crossing channels where scour and erosion are
tikely to occur.

s  Ifrequired, increase depth of bury or encase pipelines in concrete (particularly -

mainlines) that cross channels that are likely to be eroded.

«  Install control equipment (other than remote control valves) in areas not subject
to stormwater inundation.

8.5.8 Sign, Wall, and Fence Maintenance

For the protection of the public, informational signs and fences must be maintained and
kept in good repair.

Design recommendations:

«  Use signs that are made of aluminum or other durable material that does not
corrode or cannot be burned.

«  Secure signs to posts or standards with tamper-proof fasteners. Use posts or
standards that will not be damaged by anticipated flooding or vandalism.
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»  Locate fences away from areas likely to collect debris and act as dams to
incoming water or water moving within the basin.

+  Design fences, gates, walls, etc., to minimize damage or accidental opening
during normal area use or by flooding.

» In non-critical areas, design fences with an open or “clear-space™ at grade to
allow shallow water and debris to flow or blow under them.

= Design fences, such as backstops, with break-away or swing-away panels so
flow is not impeded through the basin.

Multiple-use Concepts and Aesthetic Design Guidelines

8.6.1

A goal in Maricopa County is to design detention/retention facilities as amenities and,
where possible, to incorporate multiple-use concepts. Flood control functions and other
uses in detention/retention facilities are generally compatible. Rationale for multiple-use
facilities includes decreased facility costs and an increased community acceptance.
Combining floud storage with recreation uses or other community facilities on a single
site decreases total costs for land acquisition and site development. The development of
detention/retention facilities as parks or urban green space increases the acceptance by
area residents and encourages better overall maintenance. If appropriately designed, use
conflict is a minor concern.

The planning and development of facilities for multiple-use requires cooperation
between the engineer, a qualified landscape architect, intergovernmental agencies,
comumunity organizations, park and recreation departments, and risk management
agencies.

Appropriate uses for detention/retention facilities in Maricopa County include active and
passive recreation, urban green space, water amenitics, water harvesting, and
groundwater recharge. Use(s) in addition to flood control should address specific
community needs and be clearly identified before the facility is designed.

Active Recreation

Active recreation includes a wide range of organized and unstructured activities that
involve some type of physical movement. This type of recreational activity—both
individual and group—generally requires larger areas than passive recreation uses.
Because of their size, regional detention/retention facilities can provide more
opportunities for group sports with large space requirements. Field sports (soccer,
football, baseball) require areas with standardized dimensions.
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Passive Recreation

Passive recreatorn generally involves individuals or small groups and a iiinimal amount
of physical activity. Typically, passive recreation does not require large open spaces,
and is, therefore. appropriate for both large and small defention/reteution facilities.

Detention/Retention Facilities as Water Amenities
Facilities that incorporate a permanent pool can provide physical and psychological
czlief from the hot desert environment. The use of a permanent pool for
detention/retention facilities is limited strictly to a visual amenity because body contact
activities, such as swimming or wading, are specifically excluded.

Urban Green Space

Urban green space provides a visual resource within the community. As urbanization

 continues, the value of green space will increase. Green space provides visual breaks

-+ from the urban environment, acts as a filter to clean the air and can reduce erosion froin

8.6.5

" wind and rain. Landscape materials in a detention/retention facility should respond to

the recessed nature of the land form, the scale of the facility and the occurrence of

frequent flooding.

The use of native and non-native, drouvght-tolerant species for landscape planting is
highly recommended. The following basic zones should be considered in the landscape

design for a detention/retention facility.

Channels: These are areas where there will be flowing water. Planting in these areas
should be limited to grasses, groundcovers and low growing shrubs, with preference
given to vegetation with flexible branching and resilient growth habits.

Basin Areas: There may be inundation and standing water in basin areas at some time
during the year. Choice of plant materials should refiect these conditions. Trees, shrubs
and grasses can be planted judiciously in these zones.

Elevated Areas: These arcas may be occasionally inundated. The choice of plant
material will depend on the use assigned to the area. Trees, shrubs and grasses can be
planted and more easily maintained in areas of higher ground elevation.

Water Harvesting for Reuse or Recharge

A basic water harvesting system consists of three components: collection, storage and
dispersion. Since stormwater detention/retention facilities will already be designed to
collect and store runoff, some simiple additions may allow harvesting the water for reuse.

January 28, 1996 8-35



Drainasge Design Manual for Maricepa County, Volume I, Hydraunlics

All applicable requirements of the Health Department and the Arizona Department of
Water Resources must be met in addition to the normal review requirements.

When reusing stormwater for such things as on-site landscape irrigation, the facility
must be lined by an impermeable membrane or by treating the soils to increase
impermeability with native or imported clay or cther measures. The local jurisdiction
must be contacted regarding the acceptability of soil treatment measures in terms of the
effect on water quality. Grading of the surrounding site should optimize runoff to the

—storage facility: An-evaporation contrel mechanism may-be appropriate for a surface

8.7

storage system. Dispersion of water is typically achieved by pumping from the pond for
irrigation.

A facility may be designed specifically to augment the groundwater aquifer. No formal
dispersion is required other than methods to maximize the potential for water to
percolate through the subsurface to the groundwater table. Thus, the facility should be
designed to maximize the surface contact area between the stored water and the soil.
Potential siltation problems must be addressed by providing a settling basin at the inlet
or by other suitable measures.

Runoff water stored for recharge or reuse purposes does not contribute to

detention/retention requirements. Adequate storage for detention/retention must be
provided at all times, in addition to the volume provided for harvesting water.

Water Quality

8.7.1

8.7.2

Introduction

Urban runoff is distinguished from undeveloped area runoff in two principal ways: it
occurs at greater discharge rates and volumes, and it contains varying but commonly
higher concentrations of toxic substances, bacteria, and dissolved organic matter.
Detention/retention facilities can play a significant role in mitigating the pollution
problems associated with urban runoff.

Major Pollutants and Their Sources

Major pollutants associated with urban runoff include the following:

Sediment: Construction activities associated with urbanization and poor agricultural
practices result in erosion and sedimentation.

8-36
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Suspended Materials: Particulate matier and tloaing material, such as oils and scuin,
are included as suspended material. Suspended solid concentration in urban runo ff may
he 2 to 3 times that found in domestic waste.

Oxygen Demanding Materials: These include degradable organic matter and certain
nitrogen compounds that consume the availabie dissolved oxygen as they degrade. The
biochemical oxygen demand of stormwater runoff is usually in the 20 to 30 mg/l range,
almost the same range as sewage effluent after secondary treatiment,

Pathogenic Bacteria and Viruses: These include coliform, fecal coliform, and fecal
streptococei, the same pathogenic bacteria and viruses found in domestic sewage.

Toxic Substances: These include heavy metals and a full range of EPA designated
pollutants. The EPA list contains approximately 100 primarily organic substances, such
as TCE.

Studies show that the areas contributing the greatest amounts of poilution are those with
fnghly erodible surface conditions, such as plowed land or construction sites, or those
areas characterized by highly impermeable surfaces, such as shopping.malls, industrial

areas and large housing complexes. Runoff from vehicular right-of-way (which accounts ©

for over 20 percent of some urban lands), will contain hydrocarbons, other organics, and
2 diminishing—but still significant—amount of lead. Fertilizers and pesticides are
transported by runoff from residential and agricultural areas.

Role of Detention/Retention Facilities in Water Quality Control

Mosi pollutants of concern have a high affinity for suspended solids in runoff and for
soil particles. Thus, the most logical way to achieve pollutant removal is through
sedimentation and infiltration. Consequently, detention/retention facility design for
water quality control should maximize settling to the extent possible. This consideration
may alter typical design features. In general, quiescent conditions and infiltration should
be maximized while short-circuiting should be minimized. Design techniques that will
accomplish these objectives are:

*  Using long, narrow basin configurations, i.e., length to width ratios of 2:1 to 3:1,
with the length measured along a line between the inlet and outlet.

«  Installing inlet and outlet structures at extreme ends of the basin.
«  Using baffles or flow retarders.
¢«  Consiructing ponds in two stages.

»  Using riser outflow structures instead of ground level pipes to maintain a
slow-draining pool encouraging infiltration.
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*  Developing a grass cover for the basin floor.

»  Using underground tile drains for outlet discharge to provide soil filtration of the
runoff.

Using wet rather than dry ponds will generally improve quiescent conditions, maximize
infiltration, and provide a degree of biological treatment.

Method for Control of Sedimentation

Sediment removal within a detention/retention facility may be facilitated by the use of
a “sediment trap” at the inlet, which will concentrate the majority of the incoming
sediment bed load to a small portion of the facility. Sediment traps should be provided
i conjunction with all detention/retention facilities which are intended as multi-use
facilities. Figure 8.10 is a conceptual sketch of a typical detention basin sediment trap.
The following list provides guidelines for the design of efficient sediment traps.

1.  An additional sedimentation volume should be provided within the sediment
trap at an elevation below the invert of the inflow channel.

2. The length/width ratio of the sediment trap should be a minimum of 2:1, with
the length measured along a line between the inlet and outlet.

3. The basin shape should be wedge-shaped, with the narrow end located at the
intet to the basin (see Figure 8.10).

4,  Provisions for total drainage and accumulated sediment removal of the sediment
trap must be provided. Maintenance access should also be provided and
designed to accommodate heavy trucks and other equipment necessary for
removal of accumulated sediment.

Flood Routing

8.8.1

Flood Routing through Detention Facilities by the Storage-Indication
Method

Characteristically, the storage of a reservoir is closely related to its outflow rate. In
reservoir routing methods, the storage-discharge relation is used for repeatedly solving
the continuity equation; each solution is a step delineating the outflow hydrograph.
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Figure 8.10
Sediment Trap Concept

{Pima County Department of Transpectation and Flood Contrel Disaict)
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Numerous computer software programs (such as HEC-1) have been developed for
flood routing through detention/retention facilities. Use of a particular computer
program should be approved by the appropriate jurisdictional agency prior to its
application on a particular project.

“The continuity -equation-used--in sreservoir- routing: ‘methods -is ~concerned - with

conservation of mass: for a given time interval, the volume of inflow minus the volume
of outflow equals the change in volume of storage. The continuity equation for a
reservolr is:

das :
= =InH-0(
Z ) -0() (8.2)

If the time is broken into intervals of duration and indexed by j, Equation 8.2 can be
rewritten for the change in storage over the interval:

I -1 G.+ 0,
_ g = JTM Af - ‘¢Titlm (8.3)

L

The values of I, and 1, are obtained from an inflow hydrograph. The values of O, and
S, are obtained at the jth time interval from calculation during the previous time interval.
Equation 8.4 results from multiplying Equation 8.3 through by 2/At and by isolating the
unknowns O, and S, :

25,1 28,
( Af +0j+1) = (Ij+ j+1)+ (TE_OJ) (84)

Equation 8.4 can be used to facilitate the storage-outflow function solution in tabular
form (see sample problem, Section 8.8.2}, In order to calculate the outflow { Oy, from
Equation 8.4, a storage outflow function relating 2S/At + O and O is needed. The
method for developing this relationship using elevation-storage and elevation-outflow
data is shown in Figure 8.11.
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Figure 8.11

Development of the Storage-Outflow Function for Level Pool Routing

on the Basis of Storage-Elevation and Elevation-Outflow Curves
(From: Applied Hydrelogy, Chow et al 1988)

The Tollowing steps are used in the Storage-Indication Method of flood-routing:
!, Develop the inflow hydrograph (refer to the Drainage Design Manual for
Maricopa County, Volume I, Hydrologv, FCD).

2. Develop a elevation-storage relationship (Figure 8.11a) for the structure. The
storage will normally be developed in acre-feet which will then be converted to
cubic feet in the working table (see Table 8.3).

3. Develop a elevation-discharge relationship (Figure £.11b) for the structure from
hydraulic equations relating head and discharge for various types of spillways
and outlet works. Table 8.2 includes equations that can be used. For a discussion
on the values of C, C,, and C,, see Design of Small Dams (USBR 1987).
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L]

10.

Select the routing interval, At. The shorter the interval selected, the more precise
the results will be.

Using the results of steps 2 and 3, make a four-column table with the following
headings: (1) Elevation H, ft; (2) Storage S. ft'; (3) Discharge O, cfs; and (4) 25/
At + O, For an example, see Table 8.5.

Plot the value of 25/At + O on the horizontal axis of a graph with the value of

: thecoutflow,-Q, on-the wvertical axis (see-Figure 8.:11¢). Fignre 8.12, page 8-47,

represents such a graph.

Compute the value of (2S,,,/ At} + O, using Equation 8.4. All of the terms on
the right side of Equation 8.4 are known for time interval j. Obtain the values of

[ and I, from the inflow hydrograph (Step 1), as is done in Table 8.6.

Determine the corresponding value of O, to (25, / At) + O,,; from the
storage-outflow relationship (28 / At} + O versus O (Figure 8.12). This can be
done by either using the plot of step 6 or by linear interpolation of tabular values
from step 5.

Calculate the value of (2§, / At) - O, to set up the data required for the next
time interval by:

zsjrl ZS_]+1
( “0) = ( Af +0;,1)-20,, (8.5)

At

Repeat the computation for subsequent routing periods and plot the inflow and
outflow hydrographs. See Figure 8.13.

Steps 7, 8, and 9 are demcnstrated in Table 8.6. With the exception of Step 8. all of
these steps can be easily performed by using a spreadsheet.
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Table 8.2
Spillway Discharge Equations

{from: Applied Hydrol

oY

~Ed

Detention/Relention

Chow et al 1588}

Spillway Type Hquation Notation
FIncentrolled overfiow C =~ Discharge, cfs
ugee crest C = Discharge Coefficient'”
. rorr3 L = Effective length of crest
T G = cLE Ive eng S
v H = Total head on the crest including
F’%\% velocity approach head
77W7E \
Broad-crested weir O = Discharge, cfs
C, = Discharge coefficient™
I O = ¢ LH? I_ = Effective length of crest .
! ¢ H = Total head on the crest including
R :
v velocity of approach head
e T
Culvert (zubmiarged G = Discharge, cfs
| inletcontral) C, = Discharge coefficient”
g = lvt’égff A = Cross—schional area
g g = Acceleration due to gravity, 32.2 fi/s?
!
4
1) C valne for ogee crest varies from 3.1 10 3.9 depending upon the head, the depth of approach, the

slope of the upstream face, and the configuration of the downstream apros.

(23 C, value for broad-crested weir varies from 2.3 to 3.3 depending upon the head, tire bieadth of the
weir crest, and the shape of the upstream corner.

(3) C, value for a cnlvert varies from 0.2 to 0.9 depending upor the head, pipe size, pipe length,
material of the pipe, and the shape of the inlet edge.

January 28, 1996
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8.8.2 Flood Routing Samyple Problem

A detention basin 1s proposed. Determine the peak cutflow discharge and the peak water
surface elevation in the basin.

Inflow
—
Y
,
N o
‘- S ~ ., .
N Fiav 1106 ———- ~wMer oulflow
\\ g e SR 0 r\\ \
\
. . i " ~, .
\ Datention EBasin — Culvert outflow
: T e

T

"~ Eley, 1100

Given:

i. Inflow Hydrograph (plotted on Figure 8.13).

Time, hrs Inflow, cfs Time, hrs Inflow, cfs
0.00 0 2.00 250
0.25 10 2725 160
0.530 25 2.50 110
0.75 50 2.75 70
1.00 100 3.00 40
1.25 220 3.25 20
1.50 610 3.50 10
1.75 450 375 0
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_ Elevation, ft Surface Area, Acres
1100 4.6
1100.5 4.8 .
11061 5.2
1101.5 5.4
1162 5.6
1103 5.8
1164 6.2
1105 6.6
1106 7.0
1107 7.5
1108 7.8

3. Outflow Structures
a. Principal Spillway, ogee crest
Discharge coefficient = 3.5
Width of weir = 20 ft
Elevation of weir crest = 1104 ft
t. Low Flow Structure, culvert (corrugated mictal pipe)
Discharge coefficient = 0.5

Diameter = 15 inches = 1.25 ft
Elevation of culvert inlet = 1100 ft

Elevation of culvert center = 1100.63 ft (used to determine IH,)

January 28, 19945
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Solution:
Step I.  An inflow hydrograph for this sample problem is given, so the solution
procedure begins with Step 2. However, for a practical problem, the
inflow hydrograph needs to be developed for Step 1.
Step 2. Develop a Water Surface Elevarion-Storage Relationship, as in Table 8.3.
Table 8.3
Water Surface Elevation-Storage Relationship
1
' Average  Difference
Snrface Surface in Interval
Area, Area, Elevation, Storage Storage, Storage,
Elevation Acres Acres ft Acre-ft Acre-ft ft3
[ —
1100.0 4.6 Q 0
A""'_+-_’
| 47 0.5 235
! TR
1400.5 4.8 o235 102,370
4""7_‘_‘
5.0 0.5 25
:_“i-
1101.0 32 .85 211,270
33 (3.5 2.65
11010 54 15 336,700
55 0.5 275
1102.0 5.6 10.25 446,490
5.7 1.0 5.7
1103.0 5.8 15.95 694,780
6.0 1.0 6.0
1104.0 6.2 2195 956,140
64 1.0 6.4
1105.0 6.6 2335 1,234,930
6.8 1.0 6.8
1106.0 7.0 3515 1.531.130
7.25 1.0 7.25
1107.0 7.5 42.4 1,846,940
7.65 1.0 7.63
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Step 3. Develop n Water Surface Elevation-Discharge Relationship, as in Table 8.4
Welr Flow
0, = C,LH? = (35;(20)H,"
Culvart Flow
_ T C(3.14)(1.25)7
0, = C,AJIgH, - (O,S;L%}mm)_ﬂz)(m.z)(ﬁz)
Total Ducfiow
0O =0+0,
Table 8.4
Water Surface Elevation-Discharge Relationship
‘ Weir Culvert )
Water Total
Surface Discharge,
Elevation H, 0, H, 0, cfs
1100.0 o 0 0 0 0
1100.5 0] 0 0 0] 0
[101.0 0 0 0.37 3 3
1101.5 0 0 0.87 5 5
1102.0 0] 0 1.37 6 6
[103.0 0 0 2.37 & 8
1104.0 0 0 3.37 9 ]
1105.0 1 70 4.37 10 80
1106.0 2 198 5.37 il 209
1107.0 2 364 6.37 12 376
1108.0 4 560 7.37 13 573
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Siep 4.  At=0.25 hrs = 900 seconds

Step 3. Develop a Storage-Outflow Relationship for a detention reservoir, as in

- Table 8:5

Table 8.5
Storage-Outfall Relationship
for a Detention Reservoir

Elevation H, ft Storage S, ft’ Discharge O, cfs (2S/A1) + O, cfs
1100.0 0 0 0
1100.5 102,370 0 227
1101.0 211,270 3 472
1101.5 326,700 5 731

o 1102.0 446,490 6 998
1103.0 694,780 8 1,552
1104.0 956,140 9 2,134
1105.0 1,234,930 80 2,824
1106.0 1,531,130 209 3,612
1107.0 1,846,940 376 4,480
1108.0 2,180,180 573 5418
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Detention/Reigntion’

23/At 4+ O on the honzontal axis of a graph with the value of the outfllow O

on the vertical axis. See Figure 8.12

1000 X0 kIl 400 5007

Figure 8.12
Storage-Outflow Function for Sample Problem
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Steps 7 through 9:

e Table 8.6
Routing of Flow through Detention Basin

Time, Inflow, LT, (25/A)-0 (28,,/60+0y,;  Outflow,
hrs cfs cfs cfs cfs cfs
0.00 i— 0 o O ST Step &
025 ! 10 —=—— 10" 10 T~ 0 2
- T

0.50 25 35 45 45  stepo9 0
0.75 30 75 120 120 0
i.00 10 150 268 270 1
1.25 22 320 580 588 4
1.30 aln 830 1,394 1,410 8
1.75 450 1,060 2,370 2,454 42
2.00 250 700 2,830 3,070 120
2.25 160 410 2,942 3,240 149
2.50 110 2770 2,928 3,212 142
2.75 70 180 2.858 3,108 125
3.00 40 110 2,762 2,968 103
3.25 20 ) 60 2,662 2,822 80
3.50 10 30 2,556 2.692 68
3.75 0 10 2450 2,566 53
4.00 0 2,368 2,450 41
4,25 2,304 2,368 32
4.50 2,304 26
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Step 1. Flotthe toflow and outtlow bydrographs,

70 - |
——————— inflow
600
"""""""""" Outflow
500
400
506 / %
200 :%
il 249 3.0 4D
Tima, his.
Figure 8.13

Comparison of Inflow and Outflow Hydrographs

Peak Outflow Discharge: O, = 149 cfs (from Table 8.6).

Peak Water Surface Elevation: By linear interpolation of values in Table 8.5 and using
O s

pen

H

peﬂk =

105 + 432 -80) 1106 1105) = 1105.535
(209 -80)

The shaded arcu in Figure 8.13 is the required storage voluine capacity for the detention
basin,

January 28, 1996
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9

_ump StiO

Introduction

Stormwater pump stations are used where gravity discharge is not feasible or for
metering flow out of detention/retention facilities. When used independently of a
detention/retention facility, storage should be incorporated into pump station facilities
to reduce pump cycling and hence the initial capital and long-term operational costs of
the pump station.

The actual design of pump stations involves several technical disciplines, and the
approach to the design is often dependent on the size of the facility and the
consequences of any type of system failure. A pumping facility failure serving a major
interchange and adjacent major development causing millions of dollars of damages
demands greater reliability than a small pumping facility that drains a retention pond
with a 36-hour disposal time and overflows result in small increases in water depth of
an adjacent street. This chapter provides only an overview of the conditions that should
be considered in the design of stormwater pumping facilities.

Stormwater pump stations may be either dry pit or wet pit facilities. In the latter type of
facility, the pumps are submersible and are located in a wet well. In the former type,
centrifugal pumps are located in a dry pump room and generally use a wet well to
modulate the incoming flows (a form of storage}. For small pump stations, the pump
may be located in an inlet or a manhole-type wet well.

For a rigorous discussion of the design of stormwater pump stations, refer to Manual for
Highway Stormwater Pumping Stations (FHWA, 1982).
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9.2 Design Approach

The design approach addresses two conditions, the criteria that are to be applied and a
check list of conditions that should be considered in the design of pumping facilities (see
Table 9.1).

Criteria: The use of pumping facilities for stormwater is discouraged and will be
considered only on express agreement by the jurisdictional agency. Unless exempted by
the jurisdictional agency, the following criteria should be applied to the design of
stormwater pump stations:

l.

10.

11.

12.

Pumping facilities (excluding components whose design requires submersion)
will be set at an elevation at or above the anticipated level of the 100-year event,
considering that a total power failure may occur.

Pumps shall be capable of handling solids up to a minimum of 3-inches.
Consideration for handling smaller solids can be made for pumping facilities
that serve storage facilities.

Screening devices will not be used at the entrances to the pump stations. Grates
will be used on each catch basin.

Required calculations include: a) total dynamic head; b) net positive suction
head; c) head capacity curves (paralle! operation); and d) mass flow curves.

Controls will provide for automatic and manual operations and will have
comumunications to permit transmission of failure signals to designated reporting

locations.

A potable water supply with back-flow prevention and hose bibs should be
provided to aid in removal of silt and trash.

A ventilation system will provide intermittent ventilation of wet-wells.

Plugging factors will be used on inlets of pipe systems that are tributary to pump
stations.

Facilities not associated with retention facilities will provide storage to the
maximum practical extent to aid in efficient operation of the system.

A redundant pumping system may be required, particularly at small installations.
The site layout shall consider adequate access for maintenance vehicles.

Generally, stormwater pump stations should not be privately maintained.

9-2
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Table 9.1
Design Checklist for Pump Stations

Pump Stations

Initial Data

Contributing Drainage Basin

Location of Qutfall

Capacity of QOutfall

Probable Growth in the Contributing Basin

Inflow Hydrographs

Possible Components

Source of Power

Pumps

Intakes and Catch Basins

Controls

Storage

Debris Handling

Potable Water Supply

Testing

Hoisting Equipment

Ventilation

Control of Hazardous Materijals

Hydrology

Economic and Alternative Anatysis

Designation of Significantly Different Concepts

Hydrologic and Hydraulic Detailing of Alternatives

Cost Evaluation

Extreme Event Evaluation of Components and Alternatives

Environmental Considerations

Documentation and Comprehensive Evaluation

Hydraulic Analysis

Mass Curve Routing

Pump Characteristics

Pipe Losses

Miscellaneous Losses

Sediment Transport

Additional Considerations
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9.3 References

Cited in Text

U.S. Department of Transportation, Federal Highway Administration, October, 1982,
Manual for Highway Stormwater Pumping Stations, Volumes 1 and 2, Lever,
William F.

Relevant to Chapter

Arizona Department of Transportation, 1990, Urban Highway Design Procedure
Manual. (excerpts of Drainage portion).

——, 1991, Stormwater Pump Station Design Documents, Volumes | and II.

——, Highways Division, Structures Section, Bridge Drainage Services, July 1988,
Drainage Manual, Volume 1, Policy 31-061.

Arizona Transportation Research Center, May 1989, ADOT Highway Drainage Design
Manual, Interim Report—Hydraulic Design and Pavement Drainage Sections,
Rescarch Project No. HPR-PL-1(31)281; McLaughlin Water Engineers, Ltd.
Denver, Colorado (Subcontractors to; NBS/Lowry Engineers and Planners, Phoenix,
Arizona).
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1/2 PMF: The flood hydrograph with ordinates equal to one-half the corresponding
ordinates of the Probable Maximum Flood Hydrograph.

100-Year Flood: A flood stage or height that, statistically, has one percent chance of being
equaled or exceeded in any given year. The 100-year flood is often referred to as the base
flood.

Abutments: Walls supporting the end of a bridge or span, and sustaining the pressure of the
abutting earth. In a drop structure, the walls which form the sides of the crest of the drop. In
some structures, wingwalls (transition walls) extend upstream of the abutment walls to create
a smooth transition from the upstream channel.

- Aggradation: A progressive buildup or raising of the channel bed due to sediment
deposition. Permanent or continuous aggradation is an indicator that a change in the stream's
discharge and sediment load characteristics is taking place, see Degradation.

Alluvium: Unconsolidated material deposited by a stream in a channel, floodplain, alluvial
fan, or delta,

Armor: Surfacing of channel bed, banks, or embankment slope to resist erosion.

Armoring: (a) Natural process whereby an erosion-resistant layer of relatively large
particles is formed on a streambank due to the removal of finer particles by streamflow. (b)
Placement of a covering on a streambank to prevent erosion.

Arterial Street System: The arterial system should carry a major portion of trips entering
and leaving the urban area, as well as the majority of movements through the central city.
Frequently, the arterial system will carry important intra-urban as well as intercity bus routes.
Arterials are typically located on one-mile intervals on section lines.

Baffie Chute: A type of drop structure or outlet structure that incorporates batfles for
energy dissipation.

Baffles: Deflector vanes, blocks, guides, grids, gratings or similar devices constructed to:
[) check or effect a inore uniform distribution of velocities; 2) dissipate energy; 3) divert,
guide, or agitate flow; and 4) check eddy currents.

Basin Area: The area which contributes stormwater to a concentration point such as a lake,
stream, or drainage system. See Watershed.
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Basin Floor: The bottom of a stormwater retention facility which has been specifically
designed for the purpose of disposing stored runoff following a storm event by the process
of infiltration into the subsurface.

Basin Sediment Yield: The total sediment outflow from a watershed or a drainage area at
a point or reference and in a specified time perlod This outﬂow is equal to the sediment
discharge fronrthe drainage area. - C e : :

Bed Material: Material found on the bed of a stream (may be transported as bed load or in
suspension).

Bed Sediment Discharge: The part of the total sediment discharge that is composed of
grain sizes found in the bed and 1s equal to the transport capability of the flow.

Braided Stream: A stream whose flow is divided at normal stage by small mid-channel
bars or small islands; the individual width of bars and islands is less than about three times
the water width; a braided stream has the aspect of a single large channel within which are
subordinate channels.

Bridge Low-chord: The elevation of the lowest portion of the bridge deck structure used
in determining the area of the bridge opening available for flow conveyance.

Catch Basin: A chamber or well, usually built at the curb line of a street, for the admission
of surface water to a storm sewer or sub-drain.

Channel Failure: Sudden collapse of a channel due to an unstable condition, such as the
removal of a bank by scour.

Channel Reach: A segment of streamn length that is arbitrarily bounded for purposes of
study.

Channel Stabilization: Methods of achieving slope and cross-section which allow a
channel to transport the water and sediment delivered from the upstream watershed without
aggradation or streambank erosion.

Check Dam: A low dam or weir across a channel,for the diversion of irrigation. Also used
herein for a low dam to control stream gradient, typically associated with small streams or
the low flow channel of a floodplain or other channel.

Check Structure: A small drop structure constructed in the low flow portion of a channel
for the purpose of controlling stream gradient.

Clear Zone: The roadside border area, starting at the edge of the traveled way, available for
safe use by errant vehicles.
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Clear-water Scour: Scour which occurs when thete is no movement of the bed material of
the strearmn upstream of the crossing, but occurs as a result of acceleration of the flow and
vortices created by piers or abutments causing material at their base to move.

Collector Street System: Collector streets may penetrate neighborhoods and may carry a
minor amount of through traffic.

Contraction ‘Scour; ‘Generalsscourtesulting from-the acceleration-of tlow:due to a nataral-
channel constriction or bridge contraction.

Crest: That portion of the drop structure which controls the gradient of the upstream
channel. In a vertical drop structure the crest is a wall typically constructed of reinforced
concrete or sheet pile. In a sloping drop structure, the crest is the portion of the drop at the
top of the slope and usually incorporates a buried cutoff wall for seepage control.

Critical Depth: The depth at which a given discharge flows in a given channel with a
minimum specific energy. For depths greater and lower than critical, the flow is said to be
subcritical and supercritical, respectively.

Critical Flow: Flow at critical depth.

Culvert: A hydraulically short conduit which conveys surface water runoff through a
roadway embankment or through some other type of flow obstruction. Culverts are
constructed from a variety of materials and are available in many different shapes and
configurations. Culvert selection factors include roadway profiles, channel characteristics,
flood damage evaluations, construction and maintenance costs, and estimates of service life.

Degradation: A progressive lowering of the channel bed due to scour. Permanent or
continuing degradation is an indicator that a change in the stream's discharge and sediment
load characteristics is taking place, see Aggradation.

Design Discharge: Maximum flow a structure or channel is expected to accommodate
without contradicting the adopted design constraints.

Detention Basin: A basin or reservoir where water is stored for regulating a flood. It has
gravity-flow outlets for outflows during floods.

Design Frequency: The nth-year storm for which it is expected that the structure or facility
designed for that storm would experience an actual hydrological event of a given or greater
magnitude, once, on average, in n years. For example, a 50-year storm has a 2 percent chance
of occurring in any given year. Also called the return period, excedence interval, or
recurrence interval.

Discharge: Volume of water passing through a channel during a given time.
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Drainage Basin: A geographical area which contributes surface runoff to a particular
LI}

concentration point. The terms "drainage basin", "tributary area" and "watershed" are used
interchangeably.

Drainageway: A route or watercourse along which storm runoff moves, or may move, to
drain a catchment area,

Drop Structure: A structure constructed in a conduit, canal, or open channel for the
purpose of gradient{bottom slope} control. I

Dry Well: An engineered subsurface chamber designed to accept surface runoff-and allow
it to drain into the subsurface strata.

Embankment: A man-made earth fill structure constructed for the purpose of impounding
water.

Emergency Spillway: An outflow spillway from a stormwater detention/retention facility
that provides for the safe overflow of floodwaters for storm events in excess of the design
capacity of the Primary Outlet Structure, or in the event of malfunction or debris blockage
of the Primary Outlet Structure.

Energy Grade Line (EGL): An inclined line representing the total energy of the flowing
water. For an open channel, the EGL is above the water surface by a value of the velocity
head. In a closed pressure conduit, the EGL is above the pressure head line by a value of’
the velocity head. See Hydraulic Grade Line and Figure 4.3.

Equilibrium: The state of balance of natural channels between hydraulic forces or actions.
Equilibrium occurs when the streambed has achieved a graded condition when the slope and
energy of the stream are just sufficient to transport material delivered to it. Natural channels
which have small changes resulting from periods of low and high flows are considered in
equilibrium.

Erosion: Displacement of soil particles on the land surface due to water or wind action.

Filter: Layer of fabric, sand, gravel, or graded rock placed (or developed naturally where
suitable in-place materials exist), between the bank revetment and soil for one or more of
three purposes: 1) to prevent the soil from moving through the revetment by piping,
extrusion, or erosion; 2) to prevent the revetment from sinking into the soil; and 3) to permit
natural seepage from the streambank, thus preventing buildup of excessive hydrostatic
pressure.

Filter Blanket: A layer of graded, intermediate-size gravel placed between fine-grained
material and riprap, to prevent wash-out of the finer material.

Filter Fabric: Fabric of synthetic strands that serves the same purpose as granular filter
blanket.
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Fine Sediment Load (or Washload): That pait of tae total sediment load that is composed
of particle sizes finer than those represented in the bed. Normally, the fine-sediment load is
finer than 0.062 mm for a sand-bed channel. Silt, clay, and sand could be considered fine
sediment load in a cozrse gravel and cobble bed channel. The washload generally comes
from the watershed.

Flood Fringe: A regulatory district within the floodplain but outside the floodway district.

~ Flood Peak: - The largest value of the runoff flow which occurs-during a flood event, as
observed at a particular point in the drainage basin.

Flood Routing: The mathematical simulation of a tlood wave as it moves downstream
along a watercourse or through a detention/retention facility.

Floodplain: A flood-prone arca of land adjoining or aear the channel of a watercourse
which have been, or may be, covered by floodwaters. A floodplain functions as a temporary
channel or reservoir for overbank fiows.

». Floodway: A specific regulatory disirict within the floodplain as identified on FEMA flood
hazard boundary maps; or the channel of a river or other watercourse and the adjacent land
area necessary to discharge the 100-year flood without cumulatively increasing the water
surface by more than one foot and without creating hazardous velocities of floodwaters.

Freeboard: The vertical distance above a design water surface elevation that is provided
as a contingency or allowance for waves, surges, water-borne debris or other factors.
Froude Number: A dimensionless number (expressed as V/(gy)™) that represents the ratio
of inertial to gravitational forces. High Froude numbers (values greater than 1) indicate
supercritical flow with associated high velocity and scour potential.

Gabion or Wire-Enclosed Basket: A basket or compartmented rectangular container made
of steel wire mesh. When filled with cobbles or rock of suitable size, the gabion becomes a
flexible and permeable block with which flow-control structures can be built.

General Scour: Scour in a channel or on a floodplain that is not localized at a pier,
abutment, or other obstruction to flow. In a channel, general scour usually affects all or most
of the channel width.

Geomorphelogy: That branch of both physiography and geology that deals with the form
of the earth, the general configuration of its surface, and the changes that take place due to
erosion of the primary elements and in the buildup of erosional debris.

Grade Control Structure (sill, check dam}: A structure across a stream channel placed
bank to bank (usually with its central axis perpendicular to flow) to control bed slope and
prevent scour or headcutting.
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Gradient: The rate of change of a characteristic per unit of length. The term s usually
applied to such things as citannel/stream bed slope elevation. conduit invert elevation,
velocity, pressure, etc.

Guide Bank: A dike extending upstreain from the approach embankment at either or both
sides of the bridge opening to direci the flow through the opening. Some guide banks extend
downstream from the bridge.

Gunite: Term formerly used for dry-mix mortar shotcrete.

Headcutting: Channel bottom erosion moving upstream along a waterway indicating that
a readjustment of the channel's slope and its discharge and sediment load characteristics is
taking place. Headcutting is evidenced by the presence of abrupt vertical drops in the stream
bottom or rapidly moving water through an otherwise placid stream. Headcutting often
leaves stream banks in an unstable condition as it progresses along the channel.

Hydraulic Grade Line (HGL): For an open channel, it is coincident with the water surface.
In a closed pressure conduit, it is the line representing the pressure head of the conduit. HGL
will always be EGL. minus the velocity head. See Energy Grade Line and Figure 4.4.

Hydraulic Jump: The hydraulic jump is an abrupt rise in the water surface which occurs
in an open channel when water flowing at supercritical velocity is retarded by water flowing
at subcritical velocity or a stationary pool. The transition through the jump results in a
marked change in energy, evidenced by turbulence of the flow within the area of the jump.
The hydraulic jump 1s often used as a means of energy dissipation.

Hydraulic Structures: The facilities used to impound, accommodate, convey or control the
flow of water, such as dams, weirs, intakes, culverts, channels, and bridges.

Hydrograph: The functional relationship between time and flow discharge, as observed at
a particular point within a drainage basin. In the case of a detention/retention facility, an
Inflow Hydrograph depicts the relationship of time and runoff inflow to the facility, and an
Outflow Hydrograph is a graph of flow discharge from the facility versus time.

Impervious: A term applied to a material through which water cannot pass, or through
which water passes with great difficulty.

Incised Stream: A stream that flows in an incised channel with high banks. Stream banks
that stand more than 15 feet above the water surface at normal stage are regarded as high
banks.

Infiltration: The movement of water into and through the soil.

Invert: The lowest point in the channel cross section or at flow control devices such as drop
structures, dams, or outlet structures. see Thalweg.
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Jurisdiction or Jurisdictional Agency: Maricopa County, the Flood Control District of
Maricopa County, and the incorporated municipalities within Maricopa County.

Lateral Stream Migration: Change in position of a channel by lateral erosion of one bank
and simultaneous accretion of the opposite bank. Maovement in which the material has a
dominate lateral component.

Launching: Release of undercut material (stone riprap, rubble, slag, etc.) downslope; if
sufficient material accumulates on the streamnbank face, the slope can become effectively
armored.

Live-bed Scour: Scour which occurs when the bed material upstream of the crossing is also
moving.

Local Aggradation: Aggradation in a channel or on a floodplain that is localized at a pier,
abutment, or other obstruction to flow.

Local Scour: Scour in a channel or on a floodplain that is localized at a pier, abutment, or -
other obstruction to flow.

Local Street System: The local street system comprises all facilities not on one of the
liigher systems. It offers the lowest level of mobility and usually contains no bus routes.
Service to through traffic movement usually is deliberately discouraged.

Low Flow Channel: A channel within a larger channel which typically carries low and/or
normal {lows. :

Major drains: Include natural and man-made channels and conduits that serve watershed
areas from 160 acres to about 10 square miles.

Master Planning: A "systems" approach to the planning of facilities, programs and
management organizations for comprehensive control and use of stormwater within a defined
geographical area or drainage basin.

Meandering Channel: A channel exhibiting a characteristic process of bank erosion and
point bar deposition associated with systematically shifting meanders.

Median Diameter: The particle diameter at the 50 percentile point on a size distribution
curve such that half of the particles (by weight for samples of sand, silt or clay and by actual
measurement for samples of gravel and riprap) are larger and half are smaller. The median
diameter is denoted Dy,

Minor drains: Serve watershed areas up to 160 acres and are normally the drains associated
wilh subdivision development.
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Multi-purpose Facility: A detention or retention facility that provides benefits in addition
to the primary function of flood control. Such benefits may include recreation, parking,
visual buffers or water harvesting.

Nappe: The sheet or curtain of water overflowing a weir or dam. When freely overflowing
the crest of a structure, it usually has a well-defined upper and lower surface.

Off-stream‘Detention/Retention Facility: A facility that is-1ocated near-oradjacent to a
watercourse (i.e., the stream does not flow directly into the facility). Inflow to the facility is
typically accomplished by means of side weirs. It is also referred to as an Off-line
Detention/Retention Facility.

On-site Detention/Retention: The temporary storage of excess storm runoff in the upper
area of a drainage basin. This type of facility is typically within a subdivision, primarily by
an individual development and generally irrespective of watershed features.

On-stream Detention/Retention Facility: A facility that is located within the path of a
stream or watercourse, and thereby intercepts the entire flow from the upstream drainage
basin. It is also referred to as an On-line Detention/Retention Facility.

Orifice: A hole in the outlet structure of a stormwater storage facility sized to drain the
facility at a specific rate of flow,

Outlet Structure: A hydraulic structure placed at the outlet of a conduit, open channel,
spillway, etc., for the purpose of dissipating energy and providing a transition to the channel
or conduit downstream. Qutlet siructures may consist of culverts, weirs, orifices (gated or
un-gated), dry wells, or any combination thereof.

Plunge Pool: An energy dissipation device placed downstream of a conduit, channel or
vertical wall drop structure, The plunge pool basin is typically lined with rock riprap,
concrete or other protective covering and dissipates the energy of free falling water through
impact and turbulence.

Pressure Head: In aclosed pressure conduit, it represents the energy per unit weight stored
in the fluid by virtue of the fluid being under pressure expressed as P/y. Generally having
the units of feet. In an open channel, the pressure head is zero.

Primary Qutlet Structure: Also known as the Primary Spillway or Principal Spillway, it
is the main outlet structure by which stormwater is discharged from the detention/retention
facility.

Probable Maximum Flood (PMF): The flood runoff that may be expected from the most
severe combination of critical meteorologic and hydrologic conditions that are reasonably
possible in the region.
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Pump Station: A taciiity heusing stormwater pumps, controls, power plants and their
appurienances.

Regional Detention/Retention: The temporary storage of excess runoff by means of large
storage facilities located at strategic sites within a drainage basin. Sites are generally planned
to provide control of excess runoff from an enlire drainage basin with an optimum
(presumably a minimum) number of storage facilities to achieve the most cost-effective
drainage system. Regional detention/retenticn sites are normally maintained by a public or
guasi-public agency. R ' ' : R

Regional drains: The main outfalls for drainage. They serve watershed areas generally
greater than 10 square miles, and include rivers and washes.

Residual Freeboard: For an embankment dam, the vertical distance between the maximum
water surface elevation and the minimum dam crest elevation.

Retention Basin: A basin or reservoir wherein water is stored for regulating a flood,
however, it does not have gravity-tflow outlets for outflows during floods as detention basins
.«do. The stored water must be disposed by some other means such as by infiltration into soil,
evaporation, injection (or dry) wells, or pumping systems.

Reverse Filter Drain: An engineered granular filter placed at weep hole locations on
hydraulic structures to collect and direct groundwater to the weep holes to relieve uplift
pressures and other adverse effects of uncontrolied seepage water.

Riprap Toe Protection: In the restricted sense, layer or facing or broken rock or concrete
-dumped or placed at the toe of a channel to protect a structure or embankment from erosion; -
also the broken rock or concrete suitable for such use. Riprap has also been applied to almost
all kinds of armor, including wire-enclosed riprap, grouted riprap, sacked concrete, and

concrete slabs.

Runoff: The portion of precipitation on land that ultimately reaches streams; especially
water from rain or melted snow that flows over the ground surface.

Secour: Erosion due to flowing water, usually considered as being localized as opposed to
general bed degradation.

Sediment (or Fluvial Sediment): Fragmental material transported, suspended, or deposited
by water.

Sediment Discharge: The quantity of sediment that is carried past any cross section of a
stream in a unit of time. Discharge may be limited to certain sizes of sediment or to a specific
part of the cross section.

Sediment Trap: An area within a stormwater detention/retention facility which is designed
to trap the majority of incoming sediments for the purpose of facilitating maintenance.
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Seepage: The movement of water through pores and voids of pervious material such as soil,
gravel, synthetic filter media, etc.

Seepage Cutoff Wall: An impervious subsurface barrier constructed of clay, concrete or
synthetic material for the purpose of increasing the length of travel of subsurface water flow
and thereby reducing and/or controlling the action of such flows (for example, uplift forces)
at hydraulic structures.

Shotcrete: Mortar or concrete pneumatically projected at high velocities onto a surface.

Sill: A raised edge at the downstream end of a stilling basin. The sill typically has a notch
or opening to allow normal stream flows to pass through and/or to allow the basin to drain
completely following a storm.

Slope Paving: Covering of a channel bank or bed with stones or concrete.

Soil-Cement: A designed mixture of soil and portland cement compacted at a proper water
content to form a veneer or structure which when placed on a streambed or bank can prevent
erosion. Also referred to as Cement Stabilized Alluvium.

Spillthrough Abutment: A bridge abutment having a fill slope on the streamward side.

Spiliway: (a) A low-level passage serving a dam or reservoir through which surplus water
may be discharged; usually an open ditch around the end of a dam, or a gateway or a pipe
in a dam. (b) An outlet pipe, flume, or channel serving to discharge water from a ditch, ditch
check, gutter or embankment protector.

Stage: The depth of water within a stormwater storage facility, as measured above an
established datum.

Storage Reservoir of Pump Station: A reservoir wherein peak flows from storm drains are
stored for reducing capacity requirements of the pump station to pump runoff to an
appropriate outlet.

Storm Drainage System: A drainage system for collecting runoff of stormwater on
highways and removing it to appropriate outlets. The system includes inlets, catch basins,
storm sewers, main drains, storage reservoirs, detention basins and pump stations.

Stormwater Detention Facility: A stormwater storage facility which temporarily stores
surface runoff and releases it at a controlled rate through a positive outlet.

Stormwater Retention Facility: A stormwater storage facility which stores surface runoff.
Stored water is infiltrated into the subsurface or released to the downstream drainage system
or watercourse (via a gravity outlet or pump) after the storm event.
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Streambank Yroston: Removal of sei! particles from a bank surface due primarily (¢ water
action. Other factors such as weathering, ice and debris abrasion, chiemical reactions, and
fand use changes may also directly or wadirectly igad to streambank erosion,

Streambank Profection: Any technigue used to prevent erosion or fallure of a streambark,
Subdrain: An underground conduit, usually perforated and surrounded by an engineered
granular filter material that is designed to permit infiltration for the purpose of collecting and

conveying groundwater.

Subgrade Erosion: Erosion of the material underlying that portion of the stream bed which
15 subject to direct action of the tlow.

Subsurface Disposal: Drainage of stormwater runoff inte the subsurface by the process of
infiltvation. This is typically accomplished through the use ot dry wells, engincerad basin
tloors, efc.

Tallwater: The water surface elevation in the channel downstreaim of a hvdraulic stracture.

'Thalweg: The line extending down a channel that follows Lhe lowest elevation of the bed.
see Invert. Not to be confused with the channels's centerline.

Total Freeboard: For an embankment dam, the vertical distance between the emergency
snillway crest and the minimum crest elevation of the dam.

Total Sediment Discharge: The sum of suspended sediment discharge and bedload
discharge or the sum of bed material discharge and washload discharge of a stream.

Transport Rate: Rate at which sediment particles are carried when hydraulic conditions
exceed the critical condition for motion. Transport rates are calculated analytically hy the use

of transport functions.

Trash Rack: A metal bar or grate structure designed to prevent blockage of the structure
by water-borne debris.

Trickle Channel: Also called the low flow channel, the trickle channel is that portion of a
major channel which is sized to carry the normal low {low,

Underdrain: See Subdrain.

iniform Flow: Flow of constant water area, depth, disciiarge, and average velocity through
a reach of a channel.

Uplift Pressure: Pressure caused by uncontrolled seepage or groundwater flow beneath a
structural slab which can lead to cracking and displacement of the structure.
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Velocity Head: Represents the Kinetic energy of the flowing fluid generally expressed as
V*2g in feet, but actually is the energy per pound of flowing fluid.

Vortex: Local current accelerations which cause a whirling or circular motion that tends to
form a cavity or vacuurmn at its center, thus moving sediment toward the cavity.

Waters of the U.S.: All waters which are currently used, were used in the past, or may be
susceptible to use in interstate or foreign commerce, including all waters which are sub]ect
to the'ebb and flow of the tide.

Watershed: An arca confined by drainage divides, often having only one outlet for
discharge. See Basin Area.

Weep Hole: Openings in an impermeable wall or revetment to relieve the neutral stress or
pore water pressure. Weep holes are typically combined with reverse filter drains to form a
total system for seepage control.

Weir: A notch of regular form through which water flows. A weir may be a depression or
notch in the side of an outlet structure or a depression of specific shape in the embankment
of a stormwater storage facility. Classified in accordance with the shape of the notch, there
are rectangular weirs, V-notch weirs, trapezoidal weirs and parabolic weirs.
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Azceleration chutes, 7-5, 7-67

ADEQ, B-15

ADWR, 2-3, 6-4, 6-26, 8-8, 8-22
Anchorage of culverts, 5-11

Artificial channels, 6-4, 6-13, 6-54, 6-53

Armoring. 5-83

Baffle chute drop structure:
conduit outlet protection, 7-63
construction considerations, 7-36
design guidelines, 7-27
hvdraulic design (general), 7-32
entrance modification, 7-32
stynctural design dimensions. 7-35

Bank protection key-in, 6-9

Bends:
channels. 6-20. 7-69
culverts, 3-6
forces involved, 7-70
hydraulic structures, 7-69
supercritical flow, 7-69

Bernoulli equation, 411
Beox inlet drop structure, 7-31

Bridge:
debris, 3-81
freeboard, 3-81
hydraulic analysis, 5-80
impact on water surface elevation, 3-80
scour, 5-81
sizing, 5-80
supercritical flow, 3-81

CCateh basins:
allowable capacities, 3-16
combination, 3-15, 3-24
curb opening, 3-13, 3-17
design procedures, 3-17
efficiency, 3-18, 3-22
frontal flow interception, 3-22
prated, 3-15, 3-20
horizontal throat, 3-21
inclined throat, 3-2.1
length for total interception, 3-18
maximum inlet spacing, 3-16
crifice coefficient, 3-23
reduction factors, 3-17, 3-26
side flow interception, 3-22
slotted drain. 3-15, 3-24
sump conditions, 3-13, 3-18, 3-23, 3-24,

3-23

types of, 3-13
typical figures of, 3-14
vertical throat, 3-21
weir coefficient, 3-23

Charnnel:
acceleration chutes, 7-3, 7-67
artificial, 6-4, 6-13, 6-34, 6-35
bank protection key-in, 6-9
bends, 6-20, 7-69
concrete lined, 6-6, 6-32
critical flow, 6-10
curvature, 6-20

earth lined, 6-10

encroachment, 6-26

example problem, 6-59

fencing, 6-13

freeboard, 6-21

Froude number limits, 6-17, 6-35
grade control, 6-19

grass lined, 6-10, 6-34

grouted rock, 6-48

linings, 6-31
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Channe! {(continued)}

low flow, 6-11, 6-21, 8-10, 8-32

maintenance. 3-12, 6-13, 6-29, 8-32

Manning's roughness coefficient, 6-18,
6-29, 6-64

maximum velocity, 6-11, 6-12, 6-15

minimum velocity, 6-10

minimum width for maintenance, 3-12

natural, 6-23, 6-56, 6-57

nen-rigid, 6-23

radius of curvature, 6-20

rigid, 6-18

riprap lined, 6-7, 6-38, 6-43

route considerations, 6-53, 6-18

rock lined, 6-7, 6-43, 6-48

safety, 6-13

sediment transport checklist. £-38

side slope, 6-15

soil cement, 6-7, 6-31

supercritical flow, 6-20, 6-21, 6-35

superelevation, 6-20

transitions, 7-5, 7-67

types of channel lining, 6-6

toe protection, 6-51

uniforin flow, 6-14, 6-65

wire enclosed rock, 6-7, 6-49

Check structures, 7-4, 7-51
Clean Water Act, 6-2

Coefficient:

catch basin as an orifice, 3-23

caich basin as a weir, 3-23

culvert entrance [oss, 5-32

Manning’s, 3-0. 4-53, 6-18, 6-27, 6-29,
6-30, 6-35, 6-64

Combination catch basin, 3-15, 3-24

Concrete channel:

lining, 6-6, 6-32

underdrainage, 6-36

maximum velocity, 6-15
maximum side slope, 6-15
reinforcement requirements, 6-35
roughness coefficient, 6-35, 6-64
shotcrete, 6-36

Concrete outlet structures;

baffle chute energy dissipator, 7-65
impact stilling basin, 7-59
sloping concrete drop, 7-45

Drainage Design Manual for Maricopa County, Volume IT, Hydraulics

Conduit outlet structures:

baffie chute energy dissipator, 7-65
impact stilling basin, 7-59

riprap protection, 7-52

storm drain, 4-21

Conveyance storage, 8-21
Critical depth, 6-17, 6-66

Culvert:

alignment, 5-5

anchorage. 5-11

bends, 5-6

beveled inlet, 5-13

concrete outlet structures, 7-59

depth for road crossing, 2-3, 5-3

design criteria, 5-3

design examples, 5-53

design procedures, 5-18

detention basin cutlet, 5-27

drop inlet, 5-27

entrances, 5-15, 5-63

entrance loss coefficients, 5-32

flotation, 5-11

headwall requirements, 5-17

inlet contrel, 3-15, 5-18, 5-27

inlets. 5-15, 5-63

junctions, 3-8

material, 5-3

maximum velocity, 2-3, 5-3

minimum cover, 3-3

minimum velocity, 2-3, 5-3

outlet control, 5-21, 5-27

outlets, 5-18, 5-64

outlet protection, 5-64, 5-75, 7-5, 7-52,
7-65

performance curves, 5-27

riprap as outlet protection, 5-75, 7-52

roadway overtopping, 5-27, 5-29

safety, 5-11, 5-65

scour and sedimentation, 5-4, 5-65

side tapered inlet, 5-15

sizing, 5-3

skew angle, 5-5

slope tapered inlet, 5-15

storuge routing, 5-26

trash rack, 5-10, 5-14

Curb opening catch basin, 3-13, 3-17

[ ¥

January 28, 1996



Dam:
emergency spillway, 8-15, 8-25
geotechnical study, 8-25
jurisdictional, 8-22
non-jurisdictional, 8-22
primary outlet, 8-26
safety requirements, 8-22
seepage, 8-26

Debris at bridges, 5-81
Depth:

al culvert road crossing, 2-3, 5-3
critical, 6-17, 6-66

detention/retention basins, 8-9, 8-19, 8-21,

8-29
normal, 6-26., 6-63

Design criteria:
channel, 6-14
culvert, 5-3
gutters, 3-2
intersections. 3-8
pump stations, 9-2
roadside ditches, 3-11
streets, 3-2

Design examples:
channel, 6-59
culvert, 5-33
flood routing, 8-44
riprap basins, 7-73
scour hole cohesionless material, 5-72
scour hole cohesive material, 5-73

.Design procedures:
catch basins, 3-17
channel, 6-13, 6-54
culvert, 5-18
inverted siphon, 3-79
riprap apron for a culvert outlet, 5-75
stortn drain, 4-11

Detention/retention basin:
conveyance storage, §-21
culvert as an outlet, 5-27
dam safety requirements, 8-22
definition of, §-1, 8-2
depth, 8-9, 8-19, 8-21, 8-29
design freguency, 2-3. 8-5
drain time, 8-9
dry wells, 8-15
fencing, 8-33
embankment design, 8-27. 8-22. 8-26

Index

emergency spillways, 8-15, 8-23
energy dissipation, 8-12

flood routing, 8-5, 8-38
lining/surface treatment, 8-10
limitations on use, §-3
raintenance, 8-30

minimum outiet pipe size, 8-12
multiple use, 8-34

off-site flows, 8-5

parking lot-storage, 8-21
permanent pools, 8-19

pump station, 9-1

regional facilittes, 8-3

roadway embankment storage, 8-21
safety, 8-27

sedimentation, 8-7. 8-31, 8-36, 8-38
side slopes, 8-9, 8-30

signage requirements, 8-27, 8-33
trash racks, §-12

special types of storage, 8-20
underground storage, 8-20

use of rooftops, §8-20

volume calculations, 8-3

water harvesting, 8-35

water quality, 8-30

Dip section, 5-4

Drainage Design Manual.

Volume I, Hvdrology, 2-1, 8-3, 8-41

Drop structures;

baffle chute, 7-8. 7-27, 7-32, 7-35, 7-03

basic components of, 7-6

box inlet. 7-51

channel], 7-4

check structures, 7-4, 7-51

construction considerations, 7-27, 7-28.
7-36, 7-41, 7-45, 7-46

design considerations, 7-8, 7-10

economic considerations, 7-27

fencing, 7-70

flow range for analysis, 7-14

foundation and seepage control, 7-25

general, 7-6

height, 7-38, 7-42, 7-70

hydraulic analysis, 7-10, 7-32, 7-38, 7-42,
7-46

hydraulic jump, 7-16

loose riprap, 7-8

low tlow check structure, 7-8, 7-51

maintenance, 7-8, 7-71

range of analysis, 7-14

safery. 7-38, 7-42, 7.70
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Drop structures (continued)
seepage and uplift forces, 7-24
selection of, 7-25
signage, 7-70
sloping concrete, 7-8, 7-45
specific force, 7-14
St. Anthony Falls, 7-46
types of. 7-8
USBR basin 1, 7-49
"USBR basin 11, 111, IV, 7-46
USBR basin V, 7-51

USBR basin VI, 7-39

vertical hard basin, 7-8, 7-36
vertical riprap basin, 7-8, 7-41
water surface profile analysis, 7-13

Dry driving lane, 2-3

Dry wells, 8-15

Earth:
channel lining, 6-10
maximuem channel velocity, 6-11, 6-15
maximum channel side slope, 6-15

Efficiency:
curb opening catch basin, 3-18
arated catch basin, 3-22

Embankment design, §-22, 8-26
Embankment storage, §-21
Emergency spillway, 8-15, 8-23

Encroachment:
street or pavement, 3-3
into a floodplain, $-26

Equation:
Bernounlli, 4-11
Manning’s, 3-6, 4-13, 6-16
spillway discharge, §-43
volume of retention required, 8-5

Example problems:
channel, 6-39
culvert, 5-53
flood rowting, %-44
riprap basins. 7-73
scour hole cohesioniess material, 5-72

scour hole cohesive material, 5-73

Factors of safety:
hydraulic strizctures, 7-6

Federal Highway Administration:
TDS-1, 5-80
HDS-5, 5-2, 5-15, 5-27, 5-33
HEC-11, 6-43
HEC-12, 3-17
HEC-14, 3-64, 5-63, 5-70. 7-46, 7-31,
7-52
HEC-18, 5-82
HY7, 5-80
HYg, 5-29
WSPRO, 5-80

FEMA. 2-3, 6-4, 6-26
Fencing:
channel, 6-13
drop structure, 7-70
in or near basins, 8-33
Filter blanket, 6-40
Filter fabric, 6-41
Finish floar, 2-3
Flap gate. 5-i4
Floodplain:
analysis of natural channels, €-24
development in, 6-31
encroachment, 6-26
regulation, 2-3, 6-4, 6-26
Flood routing, 8-5, 8-38
Flotation, 5-11
404 permit, 6-2
Freeboard:
bridge, 5-81

channel, 6-21

Frontal flow interception, 3-22

i-4
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Index

Frioude nunber: HEC-18 (FHW A}, 53-8
calculasion of, 6-16
hydraulic jump, 7-i6, 7-17 HEC-RAS (USACE), 5-29, 5-80, 6-27

limits, &-17. 633
Herbicides, 8-32

HY7 (FHWA), 5-80

Gabion: HY& (FHWA), 5-29
fsee wire enclosed rock)
Hydraulic jump:
Gradation, 5-69 height, 7-14
length, 7-17
Grade contrel, 6-18 location, 7-17
surface profile, 7-17
(irass: undular jump, 7-17
channel lining. &-10, 6-54
maximum chanpel velocity 6-12, 6-15 Hydrology:
maximum channej side slope, 6-15 design criteria, 2-2, 2-3
flood routing, 8-38
Graied carch basin, 3-15, 3220 HEC-1 program, 2-1, 8-40
Drainage Design Manual, 2-1, 2-2, 8-5,
Grouted rock, 6-48 8-41
{also see rock) rational method, 2-1, 4-21
Curter:
allowable capacity, 3-11
design criteria, 3-2
reduction uctors, 3-€, 3-8 Impact stilling basin. 7-59
theoreticai capacity, 3-6
iransiticn or end section, 3-9 Iniet control, 5-18, 5-27
Inlet spacing, 3-16
Intersection:
HDS-1 (FHWA), 5-80 design criteria, 3-9
special considerations, 3-11
HDS-5 (FHWA), 5-2. 5-15,5.27, 5-53 theoretical capacity. 3-9

typical llustration, 3-10
Headwall requirements for a culvert, 5-17
interception of frontal flow, 3-22
HEC-1 (USACE), 2-1, 8-44)
Inverted siphon, 5-79
HEC-2 (USACE), 5-29, 5-80, 6-27

HEC-6 (USACE), 8-8
HEC-11 (FHWA), 6-43 Jurisdietional dam, 8-22
HEC-12 (FHWA), 3-17

HEC-14 (FIIWA}, 5-64, 5-65, 5-70, 7-40,
7-51,7-52 Landscape maintenance, 8-32
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Lane's weighted creep, 7-24 composite roughness, 6-27
design checklist, 6-57
Longitudinal street flow criteria, 3-3 maintenance, 6-29
normal depth analysis, 6-26
Low flow channel, 6-11, 6-21, &-10, R-32 requirements, §-25
Low flow check structures. 7-51 Non-jurisdictional dam, §-22

Normal depth, 6-14, 6-26, 6-65

Manhole:

location, 4-18, 4-20

loss, 4-16 Open channel:

pressure, 4-20 (see channel)

shaping, 4-6

spacing, 4-18 Orifice coefficient for a catch basin, 3-23
Manning's formula: Outlet:

channel, 6-16 control, 5-21, 5-27

closed conduits, 4-13 for a dam. 8-26

street, 3-6 protection, 5-75, 7-5, 7-52, 7-65

for a detention/retention facility, 8-10

Manning's roughness coefficrent: structure for a storm dram, 4-21

channel, 6-18, 6-29, 6-64

composite roughness, 6-27

storm drain, 4-5

street, 3-6

urban adjustment, 6-29 Parking lot storage, 8-21
Maintenance: Permanent pools. 8-19

channel, 3-12, 6-13, 6-29

detention/retention basin, 8-30 Planning:

drop structure, 7-8, 7-71 drainage, 2-2, 6-26

fences, 8-33

hydraulic structure, 7-71 Pollutants, 8-36

irrigation syster, 8-33

landscape, 8-32 Pump station, &-1

low flow channel, §-32

roadside dich, 3-12

signage, 8-33

storm drain, 4-18

walls, 8-33 Rational method, 2-1, 4-21
Master drainage planning, 2-2, 6-26 Reduction factors for catch basins, 3-17, 3-26
Multiple-use, 8-34 Retention {see detention)

Riprap:

channel lining, 6-6, 6-7, 6-38
conduit outlet protection, 5-75, 7-52

Natural channel durability, 6-38
analvsis of (general), 6-24, 6-56 filler blanket, 6-40
backwater analysis, 6-27 filter fabric, 6-4 |

I-6 January 28, 1996



gradation, 6-39, 6-40, 6-42

gravel bedding, 6-42

maximum channel velocity, 6-13
maximum channel side slope, 6-15
quality, 6-38

shape, 6-39

sizing for vse as a channel lining, 6-43
specific gravity, 6-38

stilling basin, 7-52

thickness, 6-d0, 6-42, 6-45

Roadside ditches. 3-1]
Roadway overtopping curves, 5-27, 5-29

Rock:
channel lining, 6-7, 6-15, 6-43, 6-48
grouted, 6-48
wite enclosed (gabion), 6-7. 6-49

Roofton storage, 8-20

Rural crown ditch, 3-12

Safety:
at entrances and outlets, 5-65
channel, 3-12, 6-13
classification of hazard exposure, 3-13
culvert, 5-11, 3-63
dam safety, 8-22
detention/retention basin, 8-27
devices, 5-12
height of drop structure, 7-38, 7-42, 7-70
hydraulic structures, 7-70
roadside ditch, 3-12
signage requirements, 7-70, 8-27, 8-33

St. Antliony Falls stilling basin, 7-46

Scour:
armoring, 3-83
bridge, 5-81
clear water, 5-83
culvert, 5-4, 5-65
general, 5-82
hole geometry, 5-65. 3-70
live-bed, 5-83
lecal, 5-83
long term, 5-82
time of, 5-70

Index

Section factor, 6-18
Sediment control, 8-38
Sediment removal, ¥-31
Sediment transport:
channel analysis checklist, 6-38
detention/retention basins, 8-7
Seepage and uplift forces, 7-24, 7-46, §-26
Sequent depth, 7-16
Side slopes:
channel, 6-15
detention/retention basins, 8-9, 8-30
Side tapered inlet for a culvert, 5-15
Signage:
detention/retention basin, 8-27, 8-33
drop structure, 7-70
Simplified desien procedure, 6-13, 6-54
Slope tapered inlet for a culvert, 5-15
Sloping concrete drop structure:
construction considerations, 7-46
hydraulic design (general), 7-46
variations of, 7-45, 7-47, 7-4%
Slotted drain catch basin, 3-15, 3-24
Soil cement:
as conduit outlet protection, 7-52
channel lining, ¢-7, 6-31
material, 6-31
maximum channel velocity, 6-15
maximuin channel side slope, 6-13
Specific energy:
curves, 6-68
formula, 6-17
Specific force, 7-14
Standard step method, 6-27, 6-67

State dam safety requirements, 8-22

Storage routing, 5-26
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Storin drain:
absolute roughness values, 4-5
bend loss, 4-17, 4-18
design storm, 2-3, 3-3
friction loss, 4-13
hydraulic/energy grade line, 4-3
nlets, 4-20
junction loss, 4-16
manhole, 4-4, 4-16, 4-18, 4-19
manhole loss, 4-18, 4-17
Manning's n values, 4-5
materials, 4-4
maximun velocity, 4-2
minimurm pipe size, 4-4
minimum velocity, 4-2
minimum slope, 4-3
outlet structures, 4-21
rational method, 4-21
sizing. 4-4
transition loss, 4-14
trash racks, 4-21
water surface profile calculations, 4-11

Street:
allowable capacity. 2-3, 3-11
design criteria for intersections, 3-8
design criteria for roadside ditches, 3-11
design frequency, 2-3, 3-2, 3-3
gutter capacity, 3-6, 3-8
longitudinal flow criteria, 3-3
Manning's n, 3-6
reduction factors, 3-6, 3-8
roadside ditches, 3-11
rural crown ditch, 3-12
theoretical capacity, 3-6
typical cross section, 3-4
typical gutter configurations. 3-7

Sump, 3-15, 3-18, 3-23, 3-24, 3-25
Supercritical flow:
acceleration chutes, 7-67
bends, 6-20, 7-69
bridge, 5-81, 6-21, 6-35
channel, 6-21, 6-35

Superelevation, 6-20

Toe protection for a channel, 6-51

Trash rack:
culvert, 53-10
detention/retention basins, 8-12
Josses, 5-10
storm drain, 4-21
when required, 5-14, 8-12

Underdrainage, 6-36

“Underground storage,"8-20 -

Undular jump, 7-17
Uniform flow, 6-14, 6-635

Yniform Drainage Policies and Standards,

2-2
Urbanization, 6-3, 8-

U.S. Army Corps of Engineers:
EM-1110-2-1601, 6-43
404 permit, 6-2
HEC-1, 2-1, §-40
HEC-2, 5-29, 5-80, 6-27
HEC-RAS, 5-29, 5-80, 6-27

USBR basin I, 7-49

USBR basins II, II1, IV, 7-46

USBR basin V, 7-51

USBR basin VI, 7-59

Velocity:
channel maximum. 6-11, 6-12, 6-15
channel minimum, 6-10
culvert maximum, 2-3, 5.3
culvert minimum, 2-3, 3-3
inverted siphon minimum, 5-7%
storm drain maximurn, 4-2
storm drain minimum, 4-2

Velocity head, 6-16

Vertical riprap basin drops:
construction considerations, 7-43
hydraulic design (general) 7-42
maximum drop height, 7-42, 7-70
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Verucal hard basin drop:
coustrnction considerations, 7-4
hydranlic design (general) 7-38
maximum drop height, 7-38, 7.70

Water harvesting, #-35

Water quality. 8-3G

Weed confrof, 8-32

Weighted-cresp anaiysis, 7-24

Weir coefficient for carch basin, 3-23

Wire enclosed rock:
channel lining, 6-7, 6-49
design considerarions, 6-50
maximum channel velocity, 6-15
maximum channel side slope, 6-15

slope mattress lining, 6-50

WEPRO (FRWA), 5-80

Index
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